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ABSTRACT

The primary objective of this research is to characterize the surface composition
of five comet-asteroid transition objects via near-infrared spectroscopy. The five targets
include two asteroids with Tisserand invariants lower than 3.0 (1373 Cincinnati and
2906 Caltech), one asteroid that is likely an extinct comet (944 Hidalgo), one
intermittent activity comet (162P/Siding Spring), and one nearly dormant comet
(28P/Neujmin1). Previous research regarding cometary end states and dynamical and
physical properties of comets and asteroids provides the foundation for this work.
Focusing primarily on the 1-2.5 µm spectral region of the five target objects, this project
specifically searches for mineral species such as olivine, pyroxene, hydrated silicates,
and organics. Comparisons are made with comets, main belt asteroids, and Trojan
asteroids. All our targets have near-infrared spectra with varying “red” slopes from
S'=1.7 to 5.3. Slopes in this range are characteristic of both primitive asteroids and
comets. Three of our objects, 944 Hidalgo, 162P/Siding Spring, 28P/Neujmin 1, showed
relatively featureless near-infrared spectra. The two objects dynamically most likely to
be of asteroidal origin, 1373 Cincinnati and 2906 Caltech, both displayed features in the
0.8 to 2.5 micron range, not present in any of our other targets or the comparison
cometary nuclei. Spectra of 944 Hidalgo were acquired at several rotational phases
and clear rotational variations were found.

Hints of spectral variability were also

observed in 28P/Neujmin 1 and 162P/Siding Spring.
iii

Neither 1373 nor 2906 were

examined for rotational variability.

Based on our results, we believe that 1373

Cincinnatti and 2906 Caltech are not cometary. The spectral range of our targets and
cometary spectra in the near-infrared is the same as that of Trojan asteroids.
Recommendations for future investigation are suggested.
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CHAPTER 1 – INTRODUCTION

1.1 Overview of Solar System

The Solar System originated 4.6 billion years ago when the sun, planets,
asteroids, and comets formed from the collapsing solar nebula (the disk-shaped cloud
of gas and dust that was the precursor to the solar system). The collapsing nebula
became a rotating disk with a hot center and colder edges. Conservation of angular
momentum prevented the entire nebula from collapsing onto the sun and allowed
planets, asteroids, and comets to accrete from the solid condensates available (e.g.,
Morrison, 2003).
Although the early solar system had many materials mostly heterogeneously
interspersed, some compositional predictions of solar system objects can be made
based upon: the composition of the nebula, the temperature (and pressure) gradient,
and the heliocentric distance. The composition of the solar nebula included (by mass):
77% hydrogen, 22% helium, 0.6 % water, 0.4 % methane, 0.1 % ammonia, and 0.3%
rock and metal. The high temperature in the inner solar system vaporized ices and
prevented all but the most refractory elements (MgSiOx, [Na, K]AlSiO3O8, Fe, and
CaTiO3) from condensing (Lewis, 1974). Beyond certain distances from the center,
water ice and carbon could condense; these distances are commonly known as the
1

“frost line” and “soot line” respectively. Planetesimals (also called minor bodies) that
condensed beyond the frost line and soot line incorporated water ice and carbon along
with silicates and other refractory compounds.

1.1.1 Comets

Comets contain volatiles that, when heated as the nucleus approaches the sun,
are sublimated to form the coma and the tails of gas and dust. Ultraviolet photons from
the sun cause the ejected gases to breakdown into radicals such as OH, CN, C2, C3,
NH and others. Sometimes the photo-dissociations that the gases undergo are
straightforward (e.g. H2O to OH and H), but other times the exact chemical reactions
that create these (daughter) molecules are impossible to decipher (e.g. C2 and C3)
without additional information. The two tails of a comet are the plasma and dust tails.
Plasma tails are composed of gases that have become ionized and are carried by the
solar wind in a direction opposite of the sun, whereas a dust tail is composed of dust
grains and is curved.
The materials in the coma and tails have their origin in the nucleus, which is
usually difficult to observe. Much of what is postulated about cometary nuclei has been
inferred from observations of the cometary coma and tails. However, in recent years
direct observations of some cometary nuclei have substantiated many of these
inferences and provided new information. Observations of cometary nuclei have
revealed that: 1) their surfaces are dark (darker than coal) and irregular 2) the dust
contains organic solids and silicates, and 3) much of the volatile content is below the
2

surface, but must exist in order for the comet to be active (Morrison, 2003; and
Brownlee et al., 2004).
Dynamically comets are grouped into two major categories based upon which of
two reservoirs the comet originated. Those comets that originate in the Kuiper belt – a
flat disk of comets that lies outside the orbit of Neptune- are termed ecliptic comets
(also known as Jupiter family comets). Those comets which evolved from the Oort
Cloud – the spherical cloud that represents the boundary of our solar system and
surrounds the sun at a distance of 50,000 – 100,000 AU - are called Oort Cloud comets
or nearly isotropic comets (which include Halley-type comets). Oort Cloud comets have
highly elliptical orbits and the distribution of inclinations to the ecliptic plane is random.
Ecliptic comets also have elliptical orbits, but as the nomenclature implies, lie closer to
the ecliptic plane (Weissman et al., 2002). The orbital elements of both ecliptic and Oort
cloud comets differ markedly from asteroids (see Chapter 2).

1.1.2 Asteroids

The largest reservoir of asteroids is the main asteroid belt located between 2.06
AU and 3.27 AU where there are over 40,000 known asteroids larger than one
kilometer. These objects generally have eccentricities less than 0.33 and inclinations
less than 30 degrees (Morrison, 2003) and, as will be discussed in Chapter 2, most
asteroids have stable orbits and those that do not usually reside in unstable zones due
to resonances with Jupiter.
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Asteroids display a variety of spectral characteristics. The composition and
physical characteristics (roughness, particle size, temperature etc.) of an object’s
surface dictate its spectral characteristics. One classification system for asteroids is
based upon spectral criteria. The original spectral classification scheme was based on
UBV filter photometry and contained three types C, S, and U (Chapman et al.,1975).
This classification was expanded in 1984 when D. Tholen analyzed 978 asteroids from
the Arizona Eight-Color Asteroid Study (ECAS; Tholen, 1989). Tholen divided asteroids
into 14 types (C, B, F, G, S, E, M, P, A, D, T, Q, R, and V) based upon photometry from
0.31 to 1.06 µm and upon the object’s albedo (ratio of reflected energy to incident
energy). The E, M, and P asteroids all belong to a superclass of X and the albedo of
those objects must be used in conjunction with their eight colors to determine the
asteroid’s classification as E, M, or P.

Bell et al. (1989) created three superclasses:

primitive (D, P, C, K, and Q - types), metamorphic (T, B, G, and F – types), and igneous
(V, R, S, A, M, and E - types), to characterize the degree of processing the body likely
experienced. In this classification, primitive asteroids have experienced little or no
heating, metamorphic ones have been heated enough to display some spectral
changes, and igneous asteroids melted and became differentiated. Although many
details of the Bell classification have not been supported by subsequent results, the
concepts of primitive and igneous asteroids are still valid and relevant to this work.
A modification to the Tholen classification scheme was introduced by Bus and
Binzel (2002). This classification was based on spectra instead of photometry and
covered a slightly different visible wavelength range of 0.44 µm to 0.92 µm. 1447
asteroids were observed as part of the Small Main-Belt Asteroid Spectroscopic Survey
4

(SMASS). A new taxonomy of 24 types was created that remained largely consistent
with the Tholen taxonomic system. The main difference is that in this new classification
scheme X-type asteroids are not divided based upon albedo, and instead asteroids that
are similar to the Tholen X-type are categorized as X, Xc, Xk, or Xe based upon
spectral characteristics that were between Tholen’s X-types and other types. In the Bus
classification scheme: an X asteroid is relatively featureless with a moderately red
spectrum, an Xc spectrum has a gentle convex (∩) curvature over the middle and red
portion, an Xk spectrum is moderately red shortward of 0.75 µm , but mostly flat
longward of 0.75 µm, and an Xe spectrum contains several subtle features - the most
prominent is an absorption short of 0.55 µm (Bus and Binzel, 2002).
A unique and particularly relevant group of asteroids are the Trojan asteroids
(e.g., Bottke et al., 2002), which are located in the Lagrange L4 and L5 regions of
Jupiter (leading and trailing Jupiter by 60 degrees) and have spectral characteristics
similar to both outer main belt asteroids and dormant/extinct cometary nuclei. Some of
these objects are thought to have originated in the Kuiper belt. Therefore, they may
have had original compositions very similar to those of Kuiper belt objects.
Approximately 72% of Trojan asteroids are thought to have spent longer than 10,000
years in highly elliptical (comet-like) orbits before being captured in the Trojan region.
This time-span is in excess of the proposed physical (active) lifetime of cometary nuclei
and would have resulted in the devolatilization (sublimation of water and organics) of
these asteroids (Morbidelli, 2005; Levison and Duncan, 1997). This implies that these
objects’ physical and chemical properties may closely resemble those of dormant
comets.
5

1.1.3 Comet-Asteroid Transition Objects

In some cases the distinction between comets and asteroids becomes blurry and
arbitrary. How should an object that contains substantial volatiles, yet likely formed and
remained in the main-belt be classified? What about the objects that almost certainly
came from a cometary resevoir yet display no cometary activity? There are several
minor bodies that have been found to be atypical in either their orbits or outgassing
activity. These enigmatic objects, termed comet-asteroid transition objects, either
appear to be an asteroid in a cometary orbit (e.g., 944 Hidalgo and 3200 Phaethon;
Weissman et al., 2002), are nearly dormant comets with little or irregular outgassing
activity (49P/Arend-Rigaux, 28P/Neujmin 1, 107P/Wilson-Harrington, 124P/Mrkos, and
162P/Siding Spring; Millis et al., 1988; Campins et al., 1987; Licandro et al. 2003,
Campins et al., 2006) or are active comets in the main asteroid belt (133P/Elst-Pizarro
and P 2005 U1, Hsieh et al., 2003; IAUC, 2006; and Weissman et al., 2002). In many of
these cases, neither the comet nor asteroid label sufficiently describes the object.
Researchers have proposed (e.g., Weissman et al. 2002) that some asteroids are
extinct or dormant comets. If this is true those objects’ surface composition will likely
resemble Trojan asteroids and cometary nuclei. Those comet-asteroid transition objects
that are not of cometary origin, but have been perturbed into comet-like orbits or
activated by some unknown process, will most resemble other main belt asteroids.

6

1.2 Objective and Technique

The primary objective of this research is to characterize the surface composition
of comet-asteroid transition objects via near-infrared spectroscopy. Comet-asteroid
transition objects are compelling objects for study because they allow advances in the
following areas of solar system science: 1) More can be learned about the physical
properties of comets and their dynamical evolution; 2) we may be able to identify
compositional discriminators between inactive comets and asteroids; 3) New
classification schemes may be developed based on near-infrared spectroscopic
properties; 4) Possible dynamical mechanisms may be identified to explain the
presence of asteroids in cometary orbits; 5) Relationships between Trojan asteroids and
comets can be better defined; and 6) A clearer understanding of the early solar system
will evolve when processes that affected asteroids and comets are better understood.
The primary technique used to evaluate our targets is reflectance spectroscopy.
This technique allows us to determine or constrain the composition of a body based on
it spectrum. A reflectance spectrum is measured by determining the fraction of solar
radiation that is reflected by an object in a given wavelength range. The most relevant
wavelength ranges for reflectance spectra of solar system objects are ultra-violet (UV),
visible, near-infrared (NIR), and mid-infrared. Of these the visible and near-infrared are
the most pertinent to the chemical and mineralogical study of small solar system bodies
(Gaffey et al., 2002). The ultraviolet region (0.01 - 0.4 µm) has not been as useful to
ground-based observational astronomers since telluric absorption features are so
intense that below 0.3 µm mineralogical features are masked by opacity of the Earth’s
7

atmosphere. At the other end of the spectrum, the features in mid-infrared (> 3 µm)
wavelengths are heavily confounded by texture and temperature. In addition, removing
the thermal emission of solar system objects can be difficult and model dependent
(Gaffey et al., 2002).
The spectral features in the visible region (0.4 to 0.8 µm) are primarily due to
charge transfer interactions. In the near-infrared (0.8-3 µm) the dominating features are
vibrational and crystal field interactions. The higher usefulness of these spectral areas
is a result of two factors: 1.) The Sun’s spectrum peaks in the visible, therefore the
reflected light will also peak in the visible; 2.) The Earth’s atmosphere is most
transparent in this region, further easing observations. These regions also contain the
spectral features due to the mineralogical composition (as opposed to texture or
temperature as is the case in the mid-infrared) of the target body observed.
Some processes and thus mineralogical signatures differ between the visible and
near-infrared regions. Features in the visible are created when there are chargetransfers resulting from photon-cation interactions. These are often due to the presence
of transition metals, which have multiple features in these wavelengths. The nearinfrared spectral region is characterized by vibrational transitions of species that include
water, hydrated silicates, and organics. Water has vibrations bands in the near-infrared
at 1.4, 1.9, 2.87 and 3 µm (Gaffey, 2002). Hydrated silicates vary and have several, but
most have features around 0.4 –0.9 and 2.4-3.6 µm (Rivkin et al., 2002). Organic
compounds have red spectral slopes, and features are difficult to detect in the 0.8 – 3.0
µm range (Emery and Brown, 2004). In addition, some anhydrous silicates such as
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pyroxene (1.0 and 2.0 µm: Gaffey et al., 2002) and olivine (1.1 µm; Gaffey et al., 2002 )
can be found in both the visible and near-infrared.

1.3 Thesis layout

In Chapter 2, we discuss the current state of science by reviewing cometary end
states and dynamical and physical properties of comets and asteroids. Chapter 3
describes the methods used in this study including: a description of the purpose and
goals; a description of our chosen targets; observations and spectral reductions and
modeling techniques. Chapter 4 discusses the results including: a characterization of
each target’s spectral features and shape, comparison with comets; main belt and
Trojan asteroids, and modeling results. Chapter 5 presents our conclusions and
discusses future work.

9

CHAPTER 2 - LITERATURE REVIEW

2.1 Cometary End States

According to the dynamics and orbital distribution of both ecliptic (Jupiter family
comets) and Oort cloud comets, many more comets should exist than are observed
(Weissman et al., 2002; Levison and Duncan, 1997). This discrepancy, totaling as
many as 380 ecliptic comets, can only be explained by a mechanism whereby comets
are rendered unobservable (Levison and Duncan, 1997). The number of comets that
are unobservable will determine an average active or physical lifetime for a comet. The
dynamic lifetime of an ecliptic comet is estimated to be 270,000 years. Given this, and
the current number of observed comets, Levison and Duncan (1997) have determined
that, on average, an ecliptic comet must have an active lifetime on the order of 10,000
years. Weissman et al. (2002) suggest three possibilities for physical end states: 1)
random disruption; 2) formation of a non-volatile crust; and 3) the loss of all volatiles.
Since the third end state is a special case of the second and observationally
indistinguishable from it, only the first and second end states are discussed here.
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2.1.1 Random Disruption:

The complete disruption of cometary nuclei has on occasion been observed (e.g.
3D/Biela and LINEAR D/1999 S4).

Many possible causes of disruption events have

been proposed and some comets (especially new Oort Cloud comets) seem to be more
susceptible to disruption (Weissman et al., 1980). Chen and Jewitt (1994) found that
comets on average experience 1 fragmentation event every 100 years, yielding dozens
of fragmentation events in 10,000 years. However, some comets as many as 15% may
be significantly less likely to have a fragmentation event. Further, recent research
indicates that disruption alone is unlikely the sole contributor to the deficiency in
observable comets (Weissman et al.2002).

2.1.2 Non-Volatile Crust:

A second possible end state for cometary nuclei is the formation of a non-volatile
crust. Two processes proposed as being responsible for the formation of a non-volatile
crust are sputtering effects of cosmic rays and lag deposit of non-volatile grains (from
direct devolitization or from grains falling back onto the surface). The result of either
scenario is that the comet will appear asteroidal. However, no comet has been
observed to gradually fade after many returns, implying that if a mantle diminishes its
brightness it happens at a very slow rate (not yet detected) or it is an episodic process
(Weissman et al., 2002). Despite this, ample evidence supports the possibility of a
comet’s crust becoming inactive. For instance, the surfaces of comets that have been
11

closely observed show, on average, very little surface activity. 1P/Halley, 19P/Borrelly,
81P/Wild 2 and 9P/Tempel 1 have active area fractions of 10%, 8%, 20%, and 8% of
total surface (Keller, 1987; Boice, 2002; Sekanina et al., 2004; and Groussin et al 2004).
Some comets, such as 49P/Arend Rigaux, 28P/Neujmin 1, and 10P/Tempel 2 have
even smaller active surfaces, 0.08%, 0.1%, and 1% respectively (Millis et al., 1988;
Campins et al., 1987; A’Hearn et al.,1989). These comets may be in the process of
becoming dormant.

2.1.3 Evidence for Extinct Comets in the Near-Earth-Object Population:

Near earth objects (NEOs) are defined as having perihelion (q) less than 1.3 AU
and aphelion (Q) greater than 0.983 AU. This population has been studied in hopes of
finding extinct comet nuclei. Different opinions are debated on the relative number of
dormant comets in that population. Binzel et al. (2002) argue that the link between
dormant nuclei and NEOs is poorly supported. However, approximately 7% of all NEOs
are in comet-like orbits (Fernandez et al., 2005), and 4% of NEOs have comet-like
orbits and low albedos characteristic of comets (Fernandez et.al, 2005). Further, in
2002, a comet candidate in this population, 2001 OG108, became active and received a
comet designation (Abell et al., 2005). 2001 OG108 has always been considered an
unusual object. When it was discovered, before any cometary activity was detected, it
was found to be in a Halley-type orbit. 4015 Wilson-Harrington, also an NEO, had an
episode of activity when it was first discovered in 1949 and received a comet
designation (now known as 107P); it was rediscovered in 1979 as an asteroid and has
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displayed no activity since its rediscovery. Bottke et al. (2002) estimated that 6% ± 4%
of NEOs are dormant or extinct comets. However, Binzel et al. (2005) offer a more
recent estimate closer to 15%. Licandro et al. (2004; 2005) have investigated asteroids
in cometary orbits (ACOs) using near-infrared spectroscopy and find that NEOs in
cometary orbits have significantly shallower spectral slopes from asteroids in cometary
orbits that are not members of the NEO population, suggesting a different source region
for these two groups.

2.2 Dynamical Properties of Minor Bodies

When a comet loses volatiles and forms an inactive crust, discriminating it from
an asteroid can be difficult. The orbits of comets and asteroids are mostly dynamically
distinct. In general, comet orbits are unstable and highly influenced by Jupiter whereas
orbits of asteroids are usually more stable and more predictably influenced by Jupiter.
Kresak (1979) has suggested employing these orbital differences as discriminators
between extinct/dormant comet nuclei and asteroids.
Most bodies in our solar system are in stable orbits. Two exceptions relevant to
this discussion are posited: objects experiencing close encounters with planets and
those in orbital resonances. Since Jupiter’s mass comprises 71% of the total mass of
all planets, the major perturbing planet is Jupiter (although other planets, especially
Saturn can also be responsible for perturbations). Close encounters with Jupiter cause
the orbital instability observed in most ecliptic comets, while the resonances Jupiter
generates govern the motions of several regions of the asteroid belt. Each of these
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influences have markedly different effects, enabling the following rough dynamic
divisions: 1) stable orbits are characteristic of asteroids; 2) unstable orbits in Jupiter’s
resonances are also commonly seen in asteroids; and 3) unstable orbits of objects
experiencing close encounters with Jupiter are typical for comets.

2.2.1 Dynamical Discriminators

Three dynamical discriminators were developed by Kresak (1979): the stability
criterion, the aphelia or minimal approach criterion, and a criterion based upon the
Tisserand Invariant. Each of these criteria, assessed individually or in combination, aid
in a statistical measurement of the likelihood that an object is of cometary origin.
However, these criteria are unable to definitively categorize the object in question
because inferences are based on statistics and are applied as probabilities.

Stability

Kresak (1979) proposed an orbital taxonomy by dividing the solar system into 7
regions and assigning a stability classification to each. One problem with this scheme is
that objects, especially comets, pass between many of these regions in one revolution.
A second problem is that some objects in the comet region, such as the Trojan
asteroids, are clearly not comets. Morbidelli et al. (2003) have further developed this
orbital taxonomy. However, the same deficiencies exist in the refined scheme.
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Aphelion and mean orbital intersection distance

In order to mitigate the issues that are raised by the sole use of his classification
system, Kresak, (1979) suggested that the aphelion of an object be used in tandem with
his taxonomic system. Since Jupiter’s influence causes clustering of comet aphelia
generally within one AU of Jupiter, Kresak’s suggestion is plausible. Conversely,
asteroids generally do not come within one AU of Jupiter. For example, no known
Trojan asteroid comes within 2.5 AU and no Hilda asteroid is able to come within 1.5 AU
of Jupiter. Interestingly, neither comet 28P/Neujmin 1 (Q = 12.16 AU) nor 49P/ArendRigaux (Q = 5.76 AU), both low activity comets, come within one AU of Jupiter. Despite
its aphelion of 5.76 Arend-Rigaux’s inclination (18.3 degrees) prevents it from ever
coming within one AU of Jupiter. It is interesting to note that these comets in unique
orbits are also nearly dormant. How their level of activity may relate to their orbital
elements is yet unknown.
The criterion suggested is that any object with aphelion greater than 4.5 AU is
likely a comet, while any with aphelion less than 4.5 AU is likely an asteroid. This is
best used in conjunction with mean orbital intersection distance (MOID), where a MOID
> 1.0 is indicative of asteroidal origin and a MOID < 1.0 is indicative of cometary origin.
Notable exceptions are the comet 2P/Encke with an aphelion less than 4.5 AU, and
asteroid 944 Hidalgo with an aphelion of 9.5 AU. Despite these exceptions, using
aphelion with MOID as criteria is especially helpful as it excludes many asteroids in
libration (such as the Trojans and Hildas) from being considered dynamically as comets.
It is important to note that these criteria are only useful in separating ecliptic comets
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from asteroids and does not work for Oort cloud comets. However, due to the
limitations of both stability and aphelion as discriminators, a third criterion has been
proposed to be used in conjunction with the first two.

The Tisserand Invariant

Since Jupiter is the perturber in question, it is useful to consider the Tisserand
Invariant (T), which is an approximation to the Jacobi constant: an integral of the motion
in the circular restricted three-body problem with the Sun and Jupiter as primaries. The
Tisserand invariant (see Equation 1) depends on Jupiter’s semimajor axis (aj), the
object’s semimajor axis (a), the object’s eccentricity (e), and the object’s inclination (i).
The use of T presumes absence of perturbations from other planets and an absence of
non-gravitational forces.
T = aJ/a + 2√[a/aJ (1-e2)] cos (i)

(1)

Two additional terms in the Jacobi constant exist, which are usually neglected.
The first arises when considering Jupiter’s eccentricity, while the second is a result of
the Joviocentric distance dependence (a result of close encounters which cancels
quickly before and after encounter). Both of these additional terms are 20 times smaller
than the average value of T and can safely be ignored. The inclination of the object in
question is also sometimes omitted, as this term is about 10 times smaller than the
average value of T. Since T is a quasi-constant of motion, the orbits of short period
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comets tend to evolve around constant T. In fact, T has historically been employed as a
marker to identify comets on return passages even when their orbital elements have
changed drastically by an encounter with Jupiter. In other words, even when an
unstable orbit radically changes, the resulting T will remain the same. The Tisserand
invariant also holds information valuable for discriminating objects of likely cometary
origin from objects of likely asteriodal origin. In fact, a plot of semimajor axis versus
eccentricity illustrates a clear distinction between asteroids and comets with the division
along lines of constant T (See Figure 1). Objects with T greater than 3.0 are not Jupiter
crossers and are usually in stable orbits. This is the case for most asteroids. When an
object’s T is very close to, yet less than three, its dynamical evolution may be quite
rapid due to the intense low velocity encounter with Jupiter. This is typical of ecliptic
comets. Objects with T much less than 2 are likely Oort cloud comets and tend to have
short, possibly negligible encounters with Jupiter (Weissman, 2002). The value of T
does not usually evolve quickly; for example, an ecliptic comet rarely can dynamically
detach from Jupiter enough to evolve to an orbit with T greater than three (this makes
the case for comet 2P/Encke particularly puzzling).
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2.3 Physical Properties of Minor Bodies

2.3.1 Physical Criteria:

Attempts to construct a discriminator based upon physical criteria have been
obstructed by the paucity of relevant data representing the surface of bare comet nuclei.
Observations of active comets are plentiful and have yielded excellent results, however,
these are indicative of coma characteristics and are not necessarily diagnostic of the
nuclear surface. Comets far from the Sun, where activity is presumably absent are
usually too faint for detailed observations. Typically, at heliocentric distances greater
than four AU, the visible magnitudes of comet nuclei are greater than 20, making
detailed spectroscopic observations difficult (Licandro et al., 2002). This obstacle is
further complicated by the necessity of substantiating the absence of a coma, or, if not
absent, fully subtracting the coma. Other ways of obtaining information on comet nuclei
include spacecraft rendezvous and observations of comets near the Earth with little or
no activity. Each of these observational methods has been employed, and researchers
have gleaned enough information that the physical properties of cometary nuclei are
starting to be understood.
The same complications do not exist when studying asteroids. Much research
exists in this area, and the major asteroid spectral types have been well sampled
spectrally. Among the different asteroid taxonomic classes (see Chapter 1), we rule out
those with evidence of igneous processing (such as S, V, and A in the Tholen
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classification scheme); hence, only the primitive asteroid classes (i.e., C, P and D) are
relevant to this discussion.
When trying to identify a possible extinct comet, the physical criteria cannot be
conveniently applied to a formula. Thus, a case-by-case approach, accounting for all
known physical characteristics and any additional dynamical characteristics must be
used. Although not yet a comprehensive technique, spectral characteristics, albedo,
size, rotation rate, and shape can all be considered to aid in determining whether an
object is likely of asteroidal or cometary origin.

Spectral/Compositional Properties:

As discussed in Chapter 1, taxonomies have been developed for asteroids based
on their spectral properties. A similar approach to cometary nuclei has been impeded
by greater observational challenges and the small sample of cometary nuclei spectra
available (Campins and Fernandez, 2002). The aim of these spectral studies is to
characterize the surface composition of cometary nuclei and possibly a classification
scheme.
A radial gradient appears to have existed in the solar nebula, whereby the
volatiles available for accretion increase with increasing heliocentric distance (Bell et al.,
1989).

Comets, P-type and D- type asteroids and Trojan asteroids, likely formed

where these objects should have accreted with water and organic compounds (e.g.
Emery and Brown, 2003). These compounds are detected in cometary coma (Irvine et
al., 2004). However, thus far, the presence of these compounds is not evident in
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spectra of comet nuclei. One possible explanation for this is that the surfaces of these
objects have lost their volatiles (water and organics) through sublimation or irradiation,
while the interiors are still volatile rich. The amount of an object’s volatiles, on the
surface or the interior, retained after accretion depends on the subsequent thermal
processing and collisional evolution of that object. Objects that formed and remained at
large heliocentric distances with little collisional processing have likely retained much of
their interior volatiles, and possibly their surface volatiles.
As discussed in chapter 1, ecliptic comets likely formed in the Kuiper-belt and
have remained there, relatively unprocessed, until leaving the reservoir. Oort cloud
comets are believed to have formed in the giant planet region and were ejected to the
Oort Cloud. Neither of these groups of objects are thought to have experienced as
much processing as asteroids that formed and remained in the Main Belt. Primitive
asteroids and comets typically have featureless red spectra, making a compositional
determination or even distinction between groups more elusive. A differentiation based
on spectra between these groups may have to rely on the slope and shape of the
continuum until future observations can determine if subtle features are present
(Campins et al., 2006).

Albedo and Size:

Albedo and size are typically calculated together, using mid-infrared and
scattered light observations. Lamy et al. (2005) explain the procedure with comets,
which is slightly different than that with asteroids (Lebofsky and Spencer, 1989). Two
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simultaneous equations are used to solve for albedo and size, and they are not
independently determined. If the observations are of high quality, the largest source of
uncertainty normally comes from the choice of a beaming parameter, which must
usually be assumed in the calculation (Lamy, 2005). Fernandez et al. (2004) and
Groussin et al. (2005) constrained the beaming parameter for 2P/Encke and 9P/Tempel
1 respectively and found that the beaming factor was in fact unity in those cases.
Indications are that the typical cometary geometric albedo in the V band is pv =
0.04 with a range from pv = 0.02 to 0.06. Geometric albedo is the “ratio of the [object]
brightness at zero phase angle to the brightness of a perfectly diffusing disk with the
same position and apparent size as the [object]” (Bottke et al., 2002, p 761). Yet, only
15 comet albedos have been reported so far (Campins and Fernandez, 2002; and Lamy
et al., 2005). Since the sample is small, caution must be taken before generalizing the
obtained values to the entire population. Fernandez et al. (2005) suggest extending the
range when used as a possible dividing line between comets and asteroids to account
for those not yet sampled. In their work, the upper limit of albedo is reset to pv = 0.07.
Primitive asteroids, although there is some overlap in range, in general have a higher
albedo than comets (Campins and Fernandez, 2002). Hence, a high albedo object is
likely not a comet, yet a low albedo object may or may not be a comet.
The size range of a comet depends on how comets are defined, if 95P is
excluded (based upon it being a Centaur and not a Jupiter family comet), the upper
range for the radius is ~ 15 km (Lamy, et al. 2005). The average is smaller for ecliptic
comets (~ 4 km) than it is for NICs (~ 11 km). Asteroids on the other hand, are as large
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as Ceres, with a diameter of 948 ± 11.2 km across. Even so, it is difficult to use size as
a discriminator since the smaller asteroids overlap with the sizes of comets.

Rotational Period, Shape, and Rotational Variability:

Ecliptic comets are thought to be fragments from collisions in the Kuiper belt
(Farinella and Davis, 1996). Their shapes and rotation rates should reflect such, with
adjustments made for outgassing and irradiation effects. Rotational rates of comets
average approximately 27 hours but vary significantly with a standard deviation of 19
hours (Samarasinha, et al., 2004). The sample is still too small to clarify a division
between rotation rates of comets and rotation rates of asteroids. Yet, it is not thought
that there are any fast rotators among comets except in the case of the unusual comet
133P/Elst-Pizarro, which has a period of 3.5 hours (Hsieh et al., 2003). The critical
value for break-up for a comet (assuming a density of 300 to 600 kg/m3) is between 4.0
and 5.7 hrs (Jewitt et al., 2003). Therefore a lower limit on what rotational period a
typical comet could withstand is approximately 4.0 hours; anything faster would likely
cause disruption (Samarasinha, et al., 2004). This is not the case for asteroids. Many
small asteroids with a diameter between 0.15 and 10 km complete a full rotation in two
hours (Pravec et al., 2002).
The shape of a typical comet is more elongated than that of small main belt
asteroids, which are also likely to be collisional fragments. In order to determine the
shape of a comet, observations over different orbital geometries are required, followed
by the inversion of its lightcurve. This strategy operates under the assumption that
22

rotational variation is a result of the shape of a comet. Although, one cannot completely
rule out the possibility of surface albedo variation contributing to rotational variability,
this is not observed in the sample of well-studied cometary nuclei. In comets, the
average of the ratio of semi-major axes (a/b) is 1.62 with a standard deviation of 0.4
(Lamy, 2004) for asteroids it is somewhat smaller with a ratio (a/b) of 1.27 with a
standard deviation of 0.09 (Pilronen et al., 1997). The reason for elongation of
cometary nuclei is unclear, although it is probably not from intrinsic tidal torque since
rotational periods of these bodies tend to be long. There is no reason to believe this is
the comet’s original shape. For instance, the elongation could be a result of mass loss.
If this were true, it would imply that comets at the end of their physical lifetime might be
the most elongated (Jewitt, 2003).
Rotational variability has been observed in both cometary nuclei and asteroids.
This variation is most notable in the spectrum of 4 Vesta (e.g. Gaffey et al., 1983),
however many other asteroids have displayed rotational variability (e.g. 10 Hygiea, 511
Davida, 444 Gyptis, and 105 Artimus; Rivkin et al., 2002). Additionally, possible surface
variability has been seen in centaurs 8405 Asbolus and 2060 Chiron (Kern et al., 2000;
Luu and Jewitt, 1990). However, in the case of Chiron, the variation was likely due to
activity (Luu et al., 2000). Observations of comet-asteroid transition objects would
allow for discerning the nature of variation in comets without the problems associated
with a coma.
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2.3.2 Comparing and Contrasting Minor Bodies

Comets

Only a few comet nuclei have been investigated in detail. Of those, all share
many properties such as having a red, mostly featureless slope in their visible and/or
near-infrared spectrum; they all have low albedos and are small, no fast rotators exist in
the population, and they tend to be elongated. The comets whose nuclei have been
well-studied are summarized in Table 1. The slope measure is the same as the
normalized reflectivity gradient, which is usually denoted with S' (in %/1000 Angstrons),
and defined as S' = dS/dlambda/S'' (e.g., Jewitt, 2002). Where S is the reflectivity
(object flux density divided by the flux density of the sun at the same wavelength
lambda) and S'' is the mean value of the reflectivity in the wavelength range over which
dS/dlambda is computed.

Primitive Asteroids

As discussed previously, primitive asteroids are spectrally similar to comet nuclei.
The primitive asteroids include classes C, P, and D in the Tholen classification system.
Interestingly, 3 µm features, which are attributed to hydrated minerals, are found in main
belt asteroids such as C, B, G, E, and M (Rivkin et al., 2002); however, such features
are essentially absent in P or D classes. The reason for the lack of a three micron
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absorption in P and D asteroids is still unknown, but could be due to the loss of surface
ice in these objects as a result of irradiation. Emery and Brown (2003; 2004) conducted
an in depth analysis of Trojan asteroids which are mostly P and D type and are now
thought to have originated in the Kuiper belt (Morbidelli et al., 2005). Emery and
Brown’s research specifically looked for compositional identifications; however, their
conclusions were based upon exclusionary criteria rather than definitive features.
Emery and Brown (2003; 2004) found featureless spectra with varying levels of red
slopes. Based on modeling, they tentatively concluded the following: 1) the red slopes
were most likely due to silicates (olivine and pyroxene) whose sharper features were
masked by the low albedo; 2) no detectable 3 µm feature is present placing an upper
limit of 5% by weight water and 30% by weight hydrated silicates. However, neither
ices nor hydrated silicates can be ruled out in the interior; 3) Organics were not the
source of the red slope, but carbon is likely present in amorphous form as the
“darkening agent”; 4) The Trojans had low albedos, yet not as low as comet nuclei. If
these bodies are, as Morbidelli et al. (2005) suggest, devolatized objects from the
Kuiper belt, then when they were captured into the Trojan swarms, they may have
looked a lot like dormant comets. However, the effects that space weathering and
collisional processes would have had over 4 billion years is unknown.

Comparison with Centaurs and Transneptunian Objects

Comets are believed to be dynamically related to Centaurs and Transneptunian
objects (TNOs) and the near-infrared spectra of these objects are increasingly available
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(see reviews by Barucci et al. 2002; 2005 and references therein). Some of these
objects have featureless spectra in the near-infrared but others do not. The presence of
well defined absorption bands and the range of observed spectral characteristics
suggest that many of the Centaurs and TNOs have surface compositions different from
those found among cometary nuclei (e.g., Cruikshank et al., 1998; Jewitt, 2002;
Licandro et al., 2001; and Barucci et al., 2005). A detailed comparison of available
near-infrared spectra of centaurs, TNOs and other minor planet populations is
warranted but is beyond the scope of this work as there are clear distinctions based
upon orbital characteristics.
.

2.4 Summary

Many asteroids in cometary orbits have physical properties (high albedo, strong
features, fast rotation, etc) that are not comet-like. On the other hand, many other
asteroids exist that appear physically quite similar to comets. This makes differentiation
a more arduous task, but perhaps not insurmountable. Part of the difficulty in designing
clean and robust discriminators is that a clear division between asteroids and comets
does not exist. There are some objects that originated in the asteroid belt, but likely
have substantial volatiles. It is also possible that a small fraction of objects from the
Oort cloud accreted without volatiles in the asteroid belt. Nonetheless, many transition
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objects are clearly of “traditional” cometary origin, i.e., icy bodies that formed beyond
the orbit of Jupiter.
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CHAPTER 3: METHODS

3.1 Objectives

This work focuses primarily on the 1-2.5 µm spectral region of selected cometasteroid transition objects. This wavelength range contains a number of diagnostic
absorptions including H2O ice, hydrated and anhydrous minerals, and organic solids.
This project specifically searches for mineral species such as olivine, pyroxene and
hydrated silicates, which show prominent features in the 1 to 2.5 µm region of meteoritic
and asteroidal spectra (Gaffey et al. 2002), and have been used in the modeling of Pand D-type Trojan asteroids (Emery and Brown, 2004). A series of near-infrared
spectra of our target objects was obtained. In one case (944 Hidalgo) spectra at
several rotational phases were acquired in search for compositional variations on the
surface. Visible spectra were also acquired on two of the objects. The targets were
chosen from various cataegories; two ateroids with T slightly less than three (1373
Cincinnati and 2906 Caltech), one asteroid that is likely an extinct comet (944 Hidalgo),
one intermittent activity comet (162P/Siding Spring), and one nearly dormant comet
(28P/Neujmin1). Their orbital elements and physical properties are summarized in
Table 2 and 3 respectively.
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3.2 General Observations and Reduction Methods

3.2.1 Near-Infrared:

The observations in the near-infrared of the target objects were conducted either
at NASA’s Infrared Telescope Facility (IRTF) on Mauna Kea or at the Telescopio
Nazionale Galileo (TNG). The TNG is a 3.56m Italian telescope located at the Roque
de los Muchachos Observatory on the island of La Palma, Spain. Observations of 1373
Cincinnati, 2906 Caltech, 944 Hidalgo, and 162P/Siding Spring were performed in Fall
2004 at the IRTF, Hawaii. Observations of 944 Hidalgo (conducted by a collaborator),
162P/Siding Spring, and 28P/ Neujmin 1 were performed with TNG. At the TNG, 944
Hidalgo and 162P/Siding Springs were obtained in Fall 2004 while 28P/Neujmin 1 was
obtained in June 2001 and April 2002.
The spectra of each of the targets observed at the IRTF were obtained with
SpeX, the medium resolution near-infrared (0.8-5.5 µm) cryogenic spectrograph and
imager (Rayner et al., 2003). The spectrograph detector on SpeX is an Aladdin 3 1024
x 1024 InSb array. The low-resolution prism mode obtains spectra from 0.8 to 2.5 µm
and provides a low but sufficient spectral resolution of R ~ 130 with a 0.8 arcsec wide
slit. Flat field images were obtained periodically throughout the observation runs.
Images of an argon lamp for the purposes of wavelength calibration were also obtained.
The NICS (near-infrared camera and spectrometer) spectrograph on the TNG is
described in Baffa et al. (2001). Among the imaging and spectroscopic observing
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modes NICS offers is a high throughput, low-resolution spectroscopic mode with an
Amici prism disperser (Oliva, 2000). This yields a complete simultaneous 0.9-2.4 µm
spectrum. A 1.5 arcsec width slit, corresponding to a spectral resolving power R ~ 34
and quasi-constant along the spectrum, was used. The low resolution together with the
high efficiency of the Amici prism (about 90% in this spectral range) allows for spectra of
faint objects with a four-meter class telescope (Licandro et al. 2001; Licandro et al.
2002a; Licandro et al.2002b), and with the advantage of having the whole spectral
range measured simultaneously.
When obtaining data, each target was identified as a moving object at the
predicted position and with the expected motion. The slit was oriented in the parallactic
angle (the position angle for which the slit is perpendicular to the horizon) to avoid
problems with differential atmospheric refraction, and the tracking was at the object’s
motion. The reduction and wavelength calibration of the spectra was done as described
in Licandro et al. (2001; and 2005). Stars having colors very similar to those of the Sun
were observed during the same night as the objects to correct for telluric absorption and
to obtain the relative reflectance. An example of a standard is presented in Figure 2. At
both the IRTF and the TNG the data acquisition consisted of the following sequence; a
spectrum was obtained in one position (position A) of the slit and then the telescope
was offset by 10'' in the direction of the slit (position B) where another spectrum was
obtained. This process was repeated until several ABBA cycles were acquired.
The spectral frames were shifted to align and stacked to provide combined
images from which the spectra were extracted using the procedure described by
Cushing et al. (2004). The wavelength calibrated near-infrared spectra of the objects
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were divided by the mean spectrum of the solar analog stars, and then normalized to
unity at 1.6 µm (except 944 Hidalgo which was normalized at 1.25 µm), thus obtaining
the relative reflectances for each object.

3.2.2 Visible:

We obtained visible spectra on two of our target objects: 162P/Siding Spring and
28P/Neujmin 1. These spectra were obtained with the 2.5 m Nordic Optical Telescope
(NOT) on La Palma, Spain, using the ALFOSC (Andalucia Faint Object Spectrograph
and Camera) instrument using a 1.3" slit and grism disperser #4 with a wavelength
range of 0.32−0.91 µm (λcent = 0.58 µm). Spectra in two wavelength ranges were
obtained and combined. A spectrum without a filter was obtained covering the 0.35-0.65
µm region and another spectrum with a second order blocking filter (cut-off wavelength
at 0.47 µm) was obtained covering the 0.5-0.9 µm region. The overlap region between
the two spectra from 0.50 to 0.65 µm was used to combine them. As in the nearinfrared observations, the slit was oriented in the parallactic angle and the tracking was
at the object’s proper motion. The spectral data reduction was done using the Image
Reduction and Analysis Facility (IRAF) package and standard procedures were
followed. Wavelength calibration was performed using a helium-neon lamp and solar
analog stars were observed to correct for telluric absorption and to obtain the
reflectance spectrum of the object, as was done in the near-infrared. The reduction of
this spectrum was done as described in de Leon et al. (2004).
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3.3 Target Objects and Observations

3.3.1 Asteroids with T less than 3.0 and of unlikely cometary origin: 1373 Cincinnati
and 2906 Caltech:

Object Summary:

These objects are likely of asteroidal origin. 1373 Cincinnati is a cybele asteroid,
which is in a resonance with Jupiter that helps it appear to be in a cometary orbit; this
object’s T is 2.72. 2906 Caltech is also likely of asteroidal origin despite a T of 2.97,
due to its position in the main asteroid belt. 1373 Cincinnati and 2906 Caltech have both
been observed in the visible wavelength range of 0.44 µm to 0.92 µm by the Small
Main-Belt Asteroid Spectroscopic Survey (SMASS, Bus and Binzel, 2002). 1373
Cincinnati is classified as an Xk and 2906 Caltech as an Xc (Bus and Binzel, 2002).
2906 Caltech has a geometric albedo pv = 0.053. This is within the range observed for
both primitive asteroids and comet nuclei (Campins and Fernandez, 2002). The albedo
of 1373 Cincinnati is not known.
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Object Observations:

Spectra from 0.8 to 2.5 µm of asteroids 1373 Cincinnati and 2906 Caltech were
obtained on October 22, 2004 at UT 05:48 and October 23, 2004 at UT 15:09
respectively. We concluded our observing October 23 at 15:28, 50 minutes before
sunrise at 16:18 (U.S. Naval Oberservatory). The observing geometry for both objects
on these dates is presented in Table 4.
Five frames of 120 second exposure time were obtained on 1373 Cincinnati (a
total of 600 seconds) and three images of 120 second exposure times were obtained on
2906 Caltech (a total of 360 seconds). Atmospheric conditions on both nights were
variable but acceptable. The spectra were taken during the clearest portions of these
nights and telluric corrections were carefully performed. The solar analog stars that
were used for 1373 Cincinnati and 2906 Caltech are listed in Table 5 and Table 6
respectively. The data were reduced by using Image Reduction and Analysis Facility
(IRAF) software recommended by the telescope facility. This involved subtracting A-B
and then B-A consecutive images. In the case of 1373 Cincinnati, not all telluric
features could be corrected; therefore the wavelength regions where false features were
observed (0.94 - 0.96, 1.12 - 1.17, 1.35 – 1.50 and 1.80 – 1.95 µm) are not plotted or
considered in our analysis; they are, however, plotted for 2906 Caltech, which was
brighter and observed under better atmospheric conditions.
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3.3.2 Asteroid with T less than 3.0, and of likely cometary origin: 944 Hidalgo:

Object summary:

This D-type asteroid’s orbit has a semimajor axis of 5.8 AU, eccentricity of 0.66
and inclination of 42 degrees. Hidalgo’s Tisserand invariant (T =2.07) suggests very
strongly that this object has a cometary origin (Weissman et al. 2002). For the
purposes of this paper an object of cometary origin refers to its having originated either
in the Kuiper belt or in the Oort cloud. Attempts to detect cometary activity in 944
Hidalgo including non-gravitational perturbations due to outgassing effects, have not
been conclusive. It was reported that 944 Hidalgo may show evidence of UBV color
variation across the surface (Degawij and Tedesco, 1982) and postulated that this color
variation represents an area with remnant outgassing activity. More recent photometry
does not show any color variation in the visible (C. Hergenrother, 2006 personal
communication).

Object Observations:

We observed this object in the NIR using the IRTF with the SpeX instrument on 3
nights: Oct 22, Oct 23 and Nov 19, 2004. We obtained 8 near-infrared spectra. In
chapter 4, we also discuss two additional spectra obtained by collaborators who also
observed this object in 2004; one observation from the 3.56 m Telescopio Nazionale
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Galileo (TNG) with NICS was obtained by J. Licandro, and the other observation from
the IRTF using SpeX were made by R. Binzel. Of the nights we observed, one was
photometric with very stable seeing conditions. Atmospheric conditions on the other
two nights (October 22 and 23, 2004) were variable but acceptable. Spectra on these
nights were taken during the clearest portions of the night and telluric corrections were
carefully performed.
During our observations, the object was relatively bright (Vmag ~ 13) and was
identified and imaged as described for 1373 Cincinnati and 2906 Caltech. Its orbital
geometry and the standard stars observed over our observing dates are summarized in
Tables 7 and 8. Exposure times are also presented (Table 8).
The 8 near-infrared spectra are similar, however, the slope varies among them
(Figure 3). In an effort to characterize the differences in slope, we normalized each
spectrum to 1.0 at 1.25 µm and then measured the reflectance of each at 2.2 µm, which
is analogous to measuring the J-K broadband colors. This yielded the following
reflectances: 1.26, 1.31, 1.39, 1.36, 1.27, 1.24, 1.23, and 1.26 (Table 9). Since the
source of these reflectance differences was unknown, prior to examining the possibility
of rotational variability we examined several possible sources of error.
As can be seen in Figure 3, the spectra from October 23, 2004 at the IRTF vary
the most and yield the reddest and flattest of all the spectra we examined. Upon
examination, there is a trend of flatter slopes with increasing airmass on this night. In
order to further investigate the possibility of an airmass dependent error, we plotted
airmass versus reflectance (Figure 4). We found that in the two spectra where airmass
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changed the most, and if responsible for the slope variation should have produced the
largest change in reflectance, there was almost no difference in reflectance (0.05) when
measured at 2.2 µm. Further, this trend of flatter slopes with increasing airmass is not
substantiated by the two spectra obtained on October 22. In fact, the two spectra from
October 22 show the opposite trend. Therefore, it does not seem plausible that this is
the main contributor to the spectral variation observed. Furthermore, we could not think
of any mechanism that would actually produce these spectral changes as a function of
airmass.
A second possibility was considered. Uncertainties in the slopes of the solar
analog spectra used would translate to some error in slope of the target spectra. In
order to place an upper limit on this error we plotted the ratio of a single 944 Hidalgo
spectral frame to the spectrum for each solar analog (i.e. Hidalgo/solar analog (A),
Hidalgo/solar analog (B), Hidalgo/solar analog (C) etc). We measured the 1.25 to 2.2
µm variability in these spectra and took the standard deviation of these values. We
used this standard deviation (3%) as a measure of the uncertainty introduced by the
standards. Since the range observed (17%) is much larger than the error associated
with the solar analogs, we conclude that these are real changes in the spectrum of the
object produced by rotational variations. The rotational period of 944 Hidalgo is 10.056
± 0.02 hours and an amplitude of 0.48 magnitudes (C. Hergenrother personal
communication 2006). The reflectance versus phase is plotted in Figure 5 along with the
visible lightcurve obtained by C. Hergenrother about ten days earlier (Figures 6 and 7).
The rotational variability and its implications are discussed in further detail in Chapter 4.
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3.3.3 Intermittent comet 162P/Siding Spring (2004TU12)

Object Summary:

Comet 162P/Siding Spring, also known as 2004 TU12, is the third inner solar
system object observed to have intermittent cometary activity even when relatively close
to the Sun. The other two such objects are comets 107P/Wilson Harrington and
133P/Elst-Pizarro also known as asteroids 4015 and 7968 respectively (Weisman et al.,
2002; Hsieh et al., 2004). 162P/Siding Spring was discovered on October 10, 2004 at
Siding Spring, Australia by R. McNaught (MPEC 2004-T55). At that time, one month
before its perihelion, the appearance of this object was asteroidal. It was first
recognized as a comet on 2004 November 12, when an eastward tail was reported
(IAUC 8436); however, the nuclear image appeared stellar. The length and brightness
of the tail has been variable but the nucleus has remained stellar. The tail was originally
reported on UT 2004 November 12.0 and 12.8 to be about 2 and 4 arcminutes long,
respectively, and at position angle in the sky at 70 degrees. The tail was observed to
fade and detach from the nucleus over the following few days (IAUC 8439). The tail
reappears in images taken by C. Hergenrother on UT 2004 December 9 and by J.
Lacruz on UT 2004 December 10 (Hergenrother, 2005, personal communication). The
orbital elements of 162P/Siding Spring (Table 2) make it a Jupiter-family comet with a
Tisserand invariant T = 2.80.
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Object Observations:

Two months after the discovery of 162P/Siding Spring, we were able to obtain
near-infrared and visible spectra. We obtained three low-resolution near-infrared
spectra from two telescopes. On December 3 and 10, 2004 they were obtained from
IRTF with the SpeX instrument. On December 11, 2004, we observed from the 3.56 m
TNG, with the NICS instrument. All three nights were photometric and with very stable
seeing conditions.
The object was relatively bright (Vmag ~ 10) and the guider images did not show
any evidence of coma activity at the time. Because of the limited time available for these
target-of-opportunity observations, we were unable to obtain imaging frames for
quantitative limits on possible coma contribution to the flux. The exposure time each
night (December 3 and 10, 2004) was 1440 seconds. At the TNG (December 11), the
exposure time was 720 seconds. The observing geometry for these dates and the
standard stars are presented in Tables 10 and 11 respectively.
The telluric absorptions varied slightly between the comet spectra and the
standard stars spectra, introducing false but minor spectral features near 0.83, 0.94,
1.12 the 1.35-1.45 and 1.80-2.10 µm. The three reflectance spectra are presented in
Figure 8. Beyond 2.0 µm, the shape of all three near-infrared spectra is dominated by
the thermal contribution from the warm nucleus and is ignored in our analysis of the
reflectance spectra.
The three near-infrared spectra are very similar, however, slight differences are
apparent. Shortward of 1.4 µm the December 10 spectrum is consistently higher than
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those of December 3 and 11. Longward of 1.6 µm the December 11 spectrum is
consistently higher than those of December 3 and 10. These differences do not appear
to be systematic artifacts. Although slight differences in the slope can be attributed to
systematic effects resulting from the centering of the object on the slit and the seeing
conditions, such slope differences would not mimic the observed differences. We
consider that these are real changes in the spectrum of the comet produced by
rotational variations of the surface composition and/or a variable coma contribution. In
any case, since the differences are minor, we averaged the three near-infrared spectra
in order to combine it with the visible spectrum and we present it in Chapter 4. A visible
spectrum of our target was obtained on December 12, 2004, with the 2.5 m Nordic
Optical Telescope (NOT) as described previously.

3.3.4 Nearly dormant comet 28P/Neujmin 1:

Object Summary:

This unique comet has an effective active area equivalent to 0.1% of its surface
(Campins and Fernandez, 2002; Campins et al. 1987). Comet 28P/Neujmin 1 is among
the largest and least active of the ecliptic comets (Campins et al., 1987). Unlike many
ecliptic comets, this comet has a rather stable orbit that has remained nearly constant
due to avoidance of the perturbing influence of Jupiter. The brightness of this comet
along its orbit behaves essentially like that expected for an asteroid (Marsden 1974,
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Tancredi 2002), however, near perihelion weak activity has been observed. This object
is thought to be almost dormant, in August 1984, at 1.7 AU from the Sun and
approximately two months before perihelion there was no evidence for a dust coma but
gaseous emissions from OH, CN, C2 and C3 were detected (Campins et al. 1987). By
December 1984, at 1.8 AU from the Sun, a clearly detectable dust coma was observed
(Birkett et al. 1987). Delahodde et al. (2001) used extensive observations at a large
range of heliocentric distances and phase angles to refine the rotation period (12.75 ±
0.03 hours) and determine a phase function. Campins et al. (1987 and 1994),
determined its albedo pv = 0.026)

Object Observations:

We have obtained low-resolution near-infrared spectra of 28P/Neujmin 1 on June
02, 2001 and April 26, 2002, with the 3.56 m Telescopio Nazionale Galileo (TNG), using
NICS. We obtained visible spectra on April 11, 2001, using the NOT as described in
section 3.3.3. The observing geometry is presented in Table 12. The nights were
photometric and with stable seeing conditions and the images do not show any
evidence of coma activity on the observing dates. Also the FWHM (fixed width half
maximum) of the comet images was the same as that for the stars during the same
night (1.0''), indicating that any comet activity, if existing, should be very low, and most
of the light came from the comet nucleus. The acquisition consisted of a series
of images of 60 second exposure time in each position (A and B). The total exposure
time was 2520 seconds each day. The stars used as standards are listed in Table 13.
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The telluric water absorptions were strong and varied between the comet spectra
and the standard stars spectra, introducing false spectral features near 0.83, 0.94, 1.12,
1.35-1.45 and 1.80-1.95 µm spectral regions. To avoid erroneous conclusions, the
spectral regions around the strongest of these features, near 1.35-1.45 and 1.801.95 µm, are not included in the analysis of the spectra.

3.4 Modeling

The modeling of the surface spectra of atmosphereless solar system objects to
infer their composition can be a powerful analytical tool that has been discussed in a
number of publications (e.g. Hapke, 1981; Shkuratov et al. 1999, Cruikshank et al.,
2003; Emery and Brown, 2004; Clark et al., 2004). We modeled our visible and nearinfrared spectra using the scattering theory described by Shkuratov et al. (1999) for
areal mixtures. We chose Shkuratov’s approach that is similar to Hapke’s method as a
result of the article by Poulet et al. (2002) which compared these two methods in
predicting the surface composition of two Centaurs. Poulet et al. (2002) reported that
although both models rely upon scattering theory, the phase function is predicted in
Shkuratov (2002) whilst being a free parameter in Hapke’s modeling. Poulet et al.
(2002) concluded that in the case of these two Centaurs, this difference causes Hapke’s
model to violate its assumptions regarding particle size. As a result of this article, we
decided to employ the Shkuratov model. Our approach is very similar to that described
in Emery and Brown (2004) for modeling Trojan asteroids and Centaurs (e.g.,
Cruikshank et al. 1998, Poulet et al. 2002). The main constraints are the albedo (when
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available), spectral features (when present), and the overall shape of the spectrum.
The absence of strong spectral features, as is the case with most of the target objects,
prevents the identification of specific minerals, hence, the resulting model compositions
are not unique. These models are not meant to strictly define the surface composition,
but rather to be indicative of likely components and to allow comparisons with related
objects that have been modeled in similar ways (Emery and Brown, 2004).
Since Emery and Brown (2004) explored the parameter space for Trojan (P- and
D- type) asteroids we do not have to do the same. Instead we concentrated on the
range of likely components that fit the spectra of primitive asteroids. Therefore, the
primary constituents used in our modeling are: two amorphous carbon components,
silicates (pyroxene and olivine), a hydrated silicate (Serpentine) and the organic
compound Triton tholin. In order to include a mineral or molecule in our model, it is
necessary to have its optical constants.
In order to illustrate the approach that yields the best fits, we present our
modeling method using as an example the spectrum of 162P/Siding Spring (Table 14
and Figures 9-14). We first plot the individual spectra of each carbon component. We
then find the ratio of amorphous carbon that best fits our target slope. As seen in the
figures (9-11), the amorphous carbons (Rouleu and Martin 1991, Preibisch 1993)
contribute to the overall shape and lower the albedo. The fit by the carbon mix is
generally independent of particle size (in the 10 to 500 µm range). Next we add
pyroxene (Dorschner et al. 1995, and labeled as P7 in Emery and Brown 2004) which
helps achieve a red slope especially at the longest wavelengths; pyroxene can also help
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provide a slightly concave (∩) shape to the spectrum. Olivine can also be added to
increase the redness at wavelengths beyond 1.5 µm (Olivine was not necessary for
162P/Siding Spring). Last, we try to optimize the fit with Serpentine and/or Triton
Tholin. The serpentine (a hydrated silicate) produces a dip at 2.3 µm (Serpentine was
not necessary for the fit of 162P/Siding Spring). Triton Tholin contributes a strong red
slope to the spectrum, particularly at longer wavelengths.
It is important to point out that organics, including the Triton tholin used in our
model, have strong absorptions in the 3–4 µm region due to O–H, N–H, and C–H bonds
(e.g., McDonald et al. 1994). These absorptions are not present in the spectra of the
Trojans asteroids observed so far (e.g., Emery and Brown 2003, 2004), suggesting that
organics may not be primarily responsible for the red slope in the spectra of Trojan
asteroids. However, organic solids have indeed been detected in the comae of several
comets, including most recently in comet 9P/Tempel 1, particularly after the encounter
and impact with the Deep Impact spacecraft (A’Hearn et al 2005).
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CHAPTER 4: RESULTS AND DISCUSSION

In this chapter we present the results on our five target objects: 1373 Cincinnati,
2906 Caltech, 944 Hidalgo, 162P/Siding Spring, and 28P/Neujmin 1. First, we evaluate
the reduced spectra (normalized at 1.6 µm except where noted) by characterizing the
slopes and investigating possible features in these spectra. We also compare each
target with published cometary nuclei and asteroid spectra. Lastly, a model analysis is
performed, discussed, and presented graphically.
For comparison with cometary nuclei, our near-infrared spectra are plotted along
with the near-infrared spectra of comets 19P/Borrelly, 124P/Mrkos, and 2001 OG108
and target comet 162P/Siding Spring.(Soderblom et al. 2004, Licandro et al 2003, Abell
et al. 2005). Each of these comet spectra is featureless within the noise and they have
red slopes (S'=7.7, 2.4, 2.1 and 3.2, respectively, Table 15). The Spectrum of
19P/Borrelly is very red, among the reddest observed in the solar system. We note that
this spectrum was obtained by the Deep Space One mission and its reduction and
calibration presented unique challenges (Soderblom et al., 2004). The near-infrared
spectrum of the nucleus of comet 28P/Neujmin 1 is not included for comparison with
each of our other targets because the spectrum of this object has considerably lower
signal to noise.

However, 28P/Neujmin 1 is compared with other comets. From this

comparison we conclude that comet nuclei all show red slopes in the near-infrared.
They also exhibit a range of spectral slopes in this wavelength range, analogous to the
variations observed at shorter wavelengths and to the range of near-infrared spectral
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slopes observed in Trojan asteroids (Campins et al. 2005; Campins & Fernandez, 2002;
Emery and Brown, 2003).
Like cometary nuclei, low albedo “primitive” asteroids in the main belt as well as
in the Trojan clouds have mostly featureless spectra in the 1-2.5 µm with varying red
slopes. By primitive asteroids we mean C, P and D-types in the Tholen classification
scheme (Tholen and Barucci 1989). Some of these primitive asteroids, especially
Trojans, may be related to comets (i.e. Morbidelli et al., 2005; Mazzari et al., 2002).
We compare the near-infrared spectra of our targets with the average spectra of three
representative main belt P-type asteroids (65 Cybele, 76 Freia and 476 Hedwig) and
three representative main belt D-type asteroids (336 Lacadiera, 368 Haidea and 773
Irmintraud; Zellner et al., 1985; and Bell et al. 1988). We do not compare our spectra
with C, K, or Q –types due to their heliocentric position in the asteroid belt. We also
compare our spectra with those of nine of the Trojan asteroids observed at similar
wavelengths by Emery and Brown (2003). Figure 15 shows the range of near-infrared
spectra exhibited by the Trojan asteroids. The visible spectra of Trojans are very similar
to those of inactive comet nuclei (e.g., Jewitt 2002 and references therein). We
modeled each of the targets as described in Chapter 3 and our results are summarized
in Table 16. Our models are not meant to strictly define the surface composition, but
rather to be indicative of likely components. More rigorous modeling would require
more minerals than those used here. The minerals we used are limited to those with
available optical constants.
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4.1 1373 Cincinnati

4.1.1 Spectral shapes and possible features

The near-infrared spectrum of 1373 Cincinnati is combined with the SMASS
visible spectrum and plotted in Figure 16. The near-infrared spectrum has a red slope
(S'=2.5 ± 0.1), and has a sharp slope change short of 1.0 µm. This type of short
wavelength feature and overall spectral shape is also observed in several other X- type
asteroids observed in the near-infrared by Clark et al. (2004). The classification of an
asteroid as a member of the X class is based exclusively on the visible spectral shape
(Tholen and Barucci, 1989). In the near-infrared, X-Types show a much wider spectral
diversity (Clark et al., 2004). The feature in the near-infrared spectrum also agrees well
with the overlapping portion (0.8 to 0.9 µm) of the SMASS (Bus and Binzel, 2002)
spectrum of 1373 Cincinnati.

4.1.2 Comparison with cometary nuclei and primitive asteroids

1373 Cincinnati’s red slope is consistent with either primitive asteroids or comets;
however, its flatter slope shortward of 1.0 µm is not seen in any of the near-infrared
spectra of bare comet nuclei (Figure 17) or in that of the comparison D asteroids and
Trojan asteroids. However, this feature cannot be ruled out in the comparison P-type
asteroids. The spectral shape of 1373 Cincinnati is slightly redder than that of the
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average P-type asteroid and the same as that of the average D-type asteroid (S'=1.9
and 2.4 respectively; Figure 18). 1373 Cincinnati is not a particularly good match to any
of the Trojan asteroids, with its closest fit being to 1437 Diomedes (Figure 19). As
mentioned, it does have features in common with some other X –type asteroids
reviewed by Clark et al. (2004). Specifically, there were five objects that had similar
features to 1373 Cincinnati (46 Hestia [P], 87Sylvia [P], 1098 Hakone [Xe], 1275
Cimbria [X], and 1317 Silvretta [CX]). Both 1098 and 1275 have higher albedos (pv =
0.24 and pv = 0.11) than what is typical of an asteroid with a semi-major axis as large as
that of 1373 Cincinnati (3.42 AU). Additionally, 1098, 1275, and1317 are all possible Mtypes. This suggests that while 1373 Cincinnati shares some spectral features with
these objects, it likely does not share their composition. The other two objects (46
Hestia and 87 Sylvia) have geometric albedos of pv = 0.05, and 0.04, and are classified
as P-type asteroids. Note that the albedo of 1373 Cincinnati is unknown, however,
these values are not implausible and these two objects may be compositionally similar
to 1373 Cincinnati. The fact that 1373 Cincinnati shows a near-infrared spectrum
similar to other X types that are not in cometary orbit argues against a cometary origin
for this object.

4.1.3 Model

Attempts to model the visible and near-infrared spectrum of this object, with the
components successfully used by Emery and Brown (2004) did not yield an acceptable
fit. Note that this model does not fit the spectrum well short of 1.0 µm. Our best fit to the
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near-infrared spectrum of 1373 Cincinnati included the following mix: 70% amorphous
carbon, 25% graphite, and 5% pyroxene (this is the pure Mg pyroxene, i.e., Fe-free,
labeled P2 in Emery and Brown 2004; Figure 20). As much as 3% of the hydrated
silicate serpentine can be added (and subtracted from the graphite content) to achieve
an acceptable fit that produces an absorption near 2.3 µm; note that such a feature is
not observed in our spectrum but is consistent with the noisier spectrum at that
wavelength. The grain size assumed was 10 µm for all components and the fit was
largely independent of grain size. Since the albedo of 1373 Cincinnati is unknown, it
was not a constraint on this model; the albedo value for our model is pv = 0.06. The
amorphous carbon and the graphite contribute to the red slope, the pyroxene helped
achieve the slightly concave (∩) shape of the spectrum. Although theoretically pyroxene
could produce a feature between 0.9 and 1.0 µm, we were unsuccessful in using this
component to achieve the observed shape.

4.2 2906 Caltech

4.2.1 Spectral shapes and possible features

The spectrum of 2906 Caltech is displayed with the visible SMASS spectrum in
Figure 21. The near-infrared spectrum of 2906 Caltech has a flatter slope (S'=1.7± 0.1)
than 1373 Cincinnati, and there is a broad and shallow absorption feature between 1.35
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and 2.2 µm. This type of absorption is also present in the near-infrared spectra of some
other X-type asteroids. The shorter wavelengths of our 2906 Caltech spectrum does
not agree as well with the overlapping portion (0.8 to 0.9 µm) of the SMASS (Bus and
Binzel 2002) spectrum as 1373 Cincinnati. Rotationally resolved spectra might help
explain this discrepancy.

4.2.2 Comparison with cometary nuclei and primitive asteroids

Like 1373 Cincinnati, 2906 Caltech displays a red slope consistent with both
primitive asteroids and comets. 2906 Caltech’s broad absorption from 1.35 to 2.2 µm is
not seen in any of the near-infrared spectra of bare comet nuclei (Figure 22). The
spectrum of 2906 Caltech is flatter and its feature is not seen in the spectra of our
comparison P- and D-type asteroids or in spectra of Trojan asteroids (Figures 23 and 24
respectively). This feature, however, is observed in 3 X-type asteroids reviewed by
Clark et al. (2004). These objects, 40 Aspasia [CX], 517 Edith[X], and 536 Merapi[X],
are all P-type asteroids and have geommetric albedos of pv = 0.06, 0.04, and 0.04
respectively, which is congruent with Caltech’s albedo (pv = 0.05). As is true with 1373
Cincinnati, 2906 Caltech’s spectral features (known to be in other X types not in
cometary orbits) argues against a cometary origin for this object.
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4.2.3 Model

Attempts to model the visible and near-infrared spectrum of this object, with the
components successfully used by Emery and Brown (2004) did not yield an acceptable
fit. The best mix for 2906 Caltech included 64% amorphous carbon, 25% olivine (this is
Olivine with 50% Fe, labeled O1 in Emery and Brown 2004), 9% pyroxene (5% P2 and
4% P8 in Emery and Brown 2004) and 2% serpentine (Figure 25). This mix yielded an
albedo pv of approximately 0.05, the same as 2906 Caltech. The grain size assumed
ranged from 10 to 15 µm for all components and the fit was largely independent of grain
size. The amorphous carbon contributes to the red slope and helps lower the albedo.
The olivine contributes to the red slope beyond 1.5 µm. The pyroxenes help match the
broad and shallow dip from 1.35 to 2.2 µm. The serpentine (a hydrated silicate)
produces the observed dip at 2.3 µm. Clearly, our model does not fit well short of 1.6
µm. We chose to fit primarily the 1.35 to 2.2 µm region because it seems most
diagnostic. A more appropriate fit to this spectrum will require additional components
for which we did not have optical constants. We chose not to model the available visible
spectrum until the discrepancy in the overlapping region is resolved.
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4.3 944 Hidalgo

4.3.1 Spectral shapes and possible features

As discussed in Chapter 3, 944 Hidalgo shows evidence of rotational variability.
Although the shape and slope of each spectrum varies, there are no spectral features
within 3 % of the continuum in most of the spectra. The exceptions are the 2 spectra
obtained at 12:55 and 13:27 UT on Oct 23, 2004. These show a weak absorption in the
2.2 to 2.3 µm region. The slopes were (S’ = 4.2, 4.1, 3.5, 3.2, 3.1, 3.1, 2.8, 2.7 ± 0.1).
The two additional spectra taken independently by collaborators are also depicted
(Figure 26) and have slopes of S’ = 3.3 and 4.0. These have been plotted to illustrate
reproducibility on independent trials. One of these independent spectra fits our reddest
spectrum quite well, and the other is almost identical to two of our other spectra. Both
of these observations were taken too far apart in time from the observations we made to
compare reflectance with rotational phase. Each of our spectra shows a slight
inflection at about 1.2 µm followed by a flatter slope that continues to 2.5 µm. As
discussed in Chapter 3, rotational variability was examined by graphically comparing the
phase with the reflectance (Figures 5, 6, and 7). 944 Hidalgo has a well- defined light
curve with a 10.06 hour period and an amplitude of 0.48 magnitudes of the visible (V
bandpass). If we approximate the shape of 944 Hidalgo with an ellipsoid based on its
visible lightcurve (Hergenrother, 2006 personal communication), one of the short ends
appears reddest and one of the broad sides is least red (at near-infrared wavelengths).
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This is the first detection of spectral variability with rotational phase in any P- or D- type
asteroid.

4.3.2 Comparison with cometary nuclei and primitive asteroids

Although there is some variability in the slope of 944 Hidalgo, all the slopes
obtained fall within the range of slopes observed of cometary nuclei. For illustrative
purposes, we have chosen one spectrum, in the middle of the range to plot with the
other comets (Figure 27). The slope and lack of observable features is consistent with
cometary nuclei. One of 944 Hidalgo’s measured spectra is essentially identical from
0.8 to 2.0 µm to that of 162P/Siding Spring (Figure 28; Campins et al., 2005; Abell et al.,
2005). This similarity with comet 162P/Siding Spring supports the dynamical arguments
that 944 Hidalgo is of cometary origin.
Based on its visible colors, 944Hidalgo is classified as a D-type asteroid, yet, in
the near-infrared, none of the obtained spectra yields a good match to the comparison
D-type asteroids. In this range, 944 Hidalgo’s spectra are all redder than those of
average P- and average D-type asteroids (Figure 29). One of 944 Hidalgo’s nearinfrared spectra is similar to those of Trojan asteroids 1143 Odysseus and 2797 Teucer
(Figure 30). The V-band geometric albedo (pv) for 1143 Odysseus is pv = 0.075 ± 0.005
while that of 2797 Teucer is pv = 0.062 ± 0.005, both reasonably consistent with 944
Hidalgo’s published albedo of pv = 0.06 (Jet Propulsion Laboratory Horizons system,
2006).
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4.3.3 Models

We modeled all of the 944 Hidalgo spectra. Our best fits are presented in
Figures 31, 32, and 33, and correspond to two of the reddest and one of the middle
spectra. Our fits to the flatter spectra are not as good (Figure 34), and further modeling
is necessary. At this point it is not clear if the components used are not sufficient to
reproduce the flatter spectra or if we need to explore the parameter space further. In
other words, it is possible that the flatter spectra of 944 Hidalgo require models beyond
the parameter space we adopted from Emery and Brown (2004). Interestingly, each of
the successful models contained at least 90% carbon. The high levels of carbon did not
surpress the albedo below reasonable limits (all were above 4.2%). The models that
seemed to fit best and their corresponding albedo’s are outlined in Table 16.

4.4 162P/Siding Spring

4.4.1 Spectral shapes and possible features

The near-infrared spectrum of 162P/Siding Spring has no strong spectral
features. In the 0.3−0.9 µm region, 162P/Siding Spring shows hints of two absorptions:
one at 0.43 µm and 0.02 µm wide, and a broad and shallow feature centered near 0.6
µm and about 0.2 µm wide (Figure 35). The first of these features corresponds well
with an absorption observed in a number of low albedo asteroids, more specifically C-,
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P-, and G-type asteroids and attributed to hydrated minerals such as jarosite
[KFe3(SO4)2(OH)6] (Vilas et al., 1993; Cochran and Vilas, 1997). The second
absorption is also compatible with likely hydrated silicate bands in low albedo asteroids
(Vilas et al., 1994). The coincidence of both absorptions with features observed in
asteroids and attributed to hydrated minerals is tantalizing. However, because these
features are at best marginally detected, it is difficult to come to any firm conclusion.
In the near-infrared, 162P/Siding Spring has a of slope of S'=3.2 ± 0.1. Outside
of the telluric band in the 0.8 to 2.1 µm, we see no evidence for spectral structure
greater than 3% of the continuum value (Figure 35). Jarosite, the mineral mentioned
above, has an absorption near 2.25 µm, which is absent in our spectrum. However, as
mentioned in Chapter 3, that portion of our spectra has a strong thermal emission
contribution, making the absence of the 2.25 µm less significant.

4.4.2 Comparison with other cometary nuclei and primitive asteroids

This comet’s red spectrum and lack of prominent features are typical of
cometary nuclei. The slope of its spectrum falls in the middle of the range of cometary
nuclei (Figure 36 and Table 15). This plot also illustrates the contribution made by
these observations, providing the highest signal-to-noise data of any cometary spectrum
reported in this wavelength range to date.
In the 0.3−0.9 µm region, the slope and shape of the spectrum are within the
range found for D-type asteroids (e.g., Jewitt 2002; Campins and Fernandez, 2002) and
somewhat redder than P-type asteroids. This similarity does not hold true in the near54

infrared for our comparison P- and D - type asteroids, which are spectrally flatter (Figure
37). The near-infrared spectrum of 162P/Siding Spring is similar to that of 1143
Odysseus and 2797 Teucer (Figure 38). The V-band geometric albedos (pv) for these
two objects are 0.075 ± 0.005 and 0.062 ± 0.005, respectively, about twice the value
for 162P/Siding Spring (pv = 0.033 ± 0.013, Fernandez et al. 2006). This spectral
similarity and reasonably close albedos may be indicative of compositional similarities,
consistent with Morbidelli et al. (2005).

4.4.3 Model

For 162P/Siding Spring (Figure 14), the best mix included 44% amorphous
carbon 1, 38% amorphous carbon 2, 15% pyroxene, and 3% Triton Tholin.

The grain

size assumed was 10 µm except where indicated. The particle size became an
important factor when considering the organics and silicates. The amorphous carbons
and pyroxene alone yield a reasonably good fit, with the main departures occurring at
the shorter wavelengths. The model yields a geometric albedo of pv = 0.039 within the
uncertainties of that measured for the nucleus of this comet (pv = 0.045 ± 0.0015). The
Triton tholin (McDonald et al. 1994) fits well at most wavelengths except the shortest.
Some small structure in the spectra of 162P/Siding Spring is not reproduced by our
models; including the marginal absorptions in the 0.3−0.9 µm region described in
Section 3.1.
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4.5 28P/Neujmin 1

4.5.1 Spectral shapes and possible features

The visible spectrum of 28P/Neumin 1 shows no significant absorption or
emission features (Figure 39). The average slope in the 0.5 to 0.9 µm spectral region,
is S’ = 10.3 ± 4, this value is essentially identical to the 9.1 ± 1.9 published by
Delahodde et al. (2001) and also consistent with a value of S’ = 13 ± 4 reported by
Jewitt and Meech (1988). Our visible spectrum shows an inflection at about 0.75 µm
and a flatter slope at longer wavelengths.
The signal-to-noise ratio in our 2001 near-infrared spectrum is not sufficient to
search for spectral features (Figure 40), but it is enough to define the average slope.
From 0.9 to 1.8 µm (where the signal-to-noise is highest) the average slope is S'=2.9±
0.6 consistent with the trend seen in the red end of the visible spectrum, but significantly
flatter than the S'=5.3 ± 0.3 found in our 2002 spectrum. The flatter near-infrared
spectrum in 2001 appears real, since there were no problems detected in the solar
analog stars and several Trojan asteroids observed the same night show the expected
red slope for their asteroid type. This flat infrared spectrum is consistent with the
evidence of sporadic spectral changes in this comet described in the next section. The
2002 near-infrared spectrum of 28P/Neujmin 1 (Figure 41) also appears to be mostly
featureless within the noise. However, there is a possible feature near 2.3 µm (where
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there is clean atmospheric behavior as evident in Figure 2) that is consistent with
several hydrated silicates including jarosite.
There is evidence of slope changes in the published V – R and R – I (Delahodde
et al., 2001). These authors explicitly refrain from proposing a physical explanation for
the R – I color changes, instead they attribute them to intrinsic problems with the I filter,
such as background fringing. Since our spectra are not affected by the same problems,
we not only believe our change in slope is real, but we also consider the changes in R –
I colors reported by Delahodde et al. (2001) evidence of sporadic spectral changes in
this comet. Since the near-infrared observations were performed a about a year apart,
it is not clear as to whether the variation is spectra is seasonal or rotational.

4.5.2 Comparison with other cometary nuclei and primitive asteroids

Although this comet has variability in the measured slopes, both of the spectra
obtained yield slopes within the range of other cometary nuclei. As discussed
previously, the spectrum of this object appears featureless in the near-infrared. The
only possible feature at 2.3 µm in the 2002 spectrum has not been seen in other
cometary nuclei, but is theoretically reasonable since hydrated silicates, a possible
component of cometary nuclei (e.g. Lauretta & Campins, 2004), display a feature at this
wavelength. The slope of the 2002 near-infrared spectrum is among the reddest of all
the comet nuclei, 19P/Borrelly is the exception (Figure 42). The slope of the 2001
near-infrared spectrum is flatter but still within the range of cometary nuclei plotted; this
spectrum is too noisy to be presented in graphical form with the other cometary spectra.
57

Figure 42 is particularly significant because it plots all the comets for which nearinfrared data are currently available including 28P/Neujmin 1. This comparison with
other comets is also useful since 28P/Neujmin 1 is thought to be in the process of
becoming dormant.
The 2002 28P/Neujmin 1 spectrum is considerably redder than the P, D, and
Trojan asteroids (Figures 43 and 44 respectively). The quality of the 2001 data is not
sufficient to compare to the asteroids, except through the measurement of slope, which
is slightly redder than that of P, D, and Trojan asteroids. Because of the redness of its
2002 spectral slope, 28P/Neujmin 1 is considered to be the least like an asteroid in
near-infrared spectral region of any of the target objects. The slope of the 2002 nearinfrared spectrum of 28P/Neujmin 1 is steeper than that of any of our objects.

4.5.3 Models

We found model fits to the 2002 near-infrared spectra of 28P/Neujmin 1 (Figure
45). The best fit to the 2002 observation was 20% amorphous carbon ,20% serpentine,
20% of the pyroxene P4, 30% of the pyroxene P6, and 10% of olivine. This model
yields an albedo of pv = 0.048 consistent with 28P/Neujmin 1s albedo of pv = 0.03. As
with the other models, these fits were largely independent of grain size.
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4.6 Summary

While both 1373 Cincinnati and 2906 Caltech have a value of T suggestive of a
cometary nature, the near-infrared spectra of these objects have features not observed
in bare cometary nuclei but present in some asteroids. These spectral differences with
comets and similarities with other X-type asteroids, argue for an asteroidal rather than a
cometary origin for both bodies. Our attempts to model the visible and near-infrared
spectra of these two objects with the components successfully used by Emery and
Brown (2004) to fit Trojan asteroids, did not yield acceptable fits.
The spectral similarity between 944 Hidalgo and 162P/Siding Spring supports the
argument that 944 Hidalgo is of cometary origin. Both 944 Hidalgo and 162P/Siding
Spring’s spectra are very similar to those of Trojan asteroids 1143 Odysseus and 2797
Teucer. Rotational variability has been observed most clearly in 944 Hidalgo. Other
asteroids and comets also show rotational variability, and there are hints of it in two of
our other target objects (162P/Siding Spring and 28P/Neujmin 1).
Our observations of the nuclei of comets 162P/Siding Spring and 28P/Neujmin 1
provide additional evidence that bare comet nuclei have low albedos and mostly
featureless spectra. So far, the nuclei of comets appear spectrally similar to primitive
main belt asteroids, Trojan asteroids, and comet-asteroid transition objects. Although
the lack of sharp spectral structure in the 162P/Siding Spring and 28P/Neujmin 1 makes
the identification of specific surface components in these objects difficult, our models
suggest that the surface composition of comets 162P/Siding Spring and 28P/Neujmin 1
is similar to that of the Trojan asteroids modeled by Emery and Brown (2004).
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CHAPTER 5: CONCLUSIONS AND RECOMMENDATIONS

In this Chapter, we discuss the implications of our findings and directions for
future research.

5.1 Slopes and Variability

Each of our target objects, 1373 Cincinnati, 2906 Caltech, 944 Hidalgo,
162P/Siding Spring, 28P/Neujmin 1, have varying degrees of red slopes in the nearinfrared ranging from S'=1.7 to 5.3. Slopes in this range are consistent with primitive
asteroids and with comets. Three of our objects, 944 Hidalgo, 162P/Siding Spring, and
28P/Neujmin 1, were devoid of strong spectral features, but each of these displayed
either rotational variability or a hint of it. The two objects dynamically most likely to be of
asteroidal origin, 1373 Cincinnati and 2906 Caltech, both displayed spectral features in
the 0.8 to 2.5 µm range. Neither 1373 Cincinnati nor 2906 Caltech were examined for
rotational variability.

5.2 Features as discriminators

Among the three asteroids in our sample, the two that are most likely to be of
main belt origin have characteristics that distinguish them from the other comet-asteroid
transition objects and from cometary nuclei. These two asteroids have absorption
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features that are present in the spectra of other X-type asteroids without low T. These
spectral discriminators can be used to distinguish at least some primitive asteroids in
low T orbits from comets.

5.3 Spectral Diversity

We found considerable diversity in the near-infrared spectra of comet- asteroid
transition objects. Not only did our objects have a range of spectral slopes, they also
varied from having well-defined spectral features to being essentially featureless within
the noise. Even the features in 1373 Cincinnati and in 2906 Caltech were significantly
different from each other. The spectral diversity we found among comet-asteroid
transition objects is not uncommon in minor bodies. A similar diversity is found in the
near-infrared spectra of cometary nuclei, P- and D- Type main belt asteroids and Trojan
asteroids.
Interestingly, there is not only spectral diversity between objects, but also within
objects. As mentioned, 944 Hidalgo and 28P/Neujmin 1 show persuasive evidence of
spectral variability, and 162P/Siding Spring shows hints of it. In the case of 944
Hidalgo, the spectral variability is due to the rotation of a compositionally heterogeneous
object. We do not yet know whether the 28P/Neujmin 1’s variation is rotational or
seasonal. The spectral variability in 162P/Siding Spring should be investigated further
to characterize its source. An intriguing possibility arises considering the variability of
these three objects: spectral diversity may be more likely in objects of cometary origin.
Rotational variability was not examined for our two targets most likely to be of asteroidal
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origin (1373 Cincinnati and 2906 Caltech). Further, since there are some primitive
asteroids that display this characteristic, e.g. 105 Artimus (Rivkin et al., 2002), whether
rotational variability can be a discriminator between cometary and asteroidal origin
remains uncertain. Even though some asteroids show rotational variability, it may be
that comets are more likely to have variability. It is reasonable to expect more rotational
variation in comets where an impact may have excavated fresh volatile material that is
less likely to be present in asteroids. Regardless, these results, displaying spectral
diversity, emphasize the need for obtaining rotationally resolved spectra in future
studies.

5.4 Relationship with Trojan Asteroids

The consistencies in spectral characteristics (and modeling results) between our
cometary objects and Trojan asteroids further supports the assertion by Morbidelli et al.
(2005) that Trojan asteroids are dormant comets with parent bodies originating in the
Kuiper belt. Further, the spectral range among cometary nuclei is similar to that of
Trojan asteroids. If this scenario is correct, one important difference to consider is that
ecliptic comets experienced about 4.5 billion years of collisional processing in the
Kuiper belt before being perturbed into the inner solar system, and the Trojan asteroids
would have spent about 4 billion years being collisionally processed in a different
environment after being in a cometary orbit. This may imply that the largest Trojans
(that may have retained more of their original surface) may look more like dormant
comets than those that are smaller and may be interior fragments. Conversely, the
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smaller Trojans could more closely resemble active comets since they may be “freshly
excavated”. Observational evidence show comets and large Trojans yield spectrally
similar results in both visible and near-infrared wavelengths. However, small Trojans
have not been properly studied to ascertain the extent to which they may resemble
comets in the near-infrared.
5.5 Future Research
We identify the need for future research in four areas: the first two relate to the
search for spectral discriminators, the third will search for links to meteoritic samples,
and the fourth will help establish relationships between primitive minor bodies.
First, characterize the spectral diversity observed among these groups and
determine whether the variation between groups is greater than that within each group.
This would reveal if the same range of spectral slopes is observed in all subgroups of
primitive minor bodies, or if there is a distinct range of shapes that are characteristic of
each subgroup of objects. This can be achieved by larger sampling of cometary nuclei,
primitive main belt asteroids, Trojan asteroids and comet-asteroid-transition objects. If
the difference in the mean of each group is larger than the one sigma range of each
group, then a discriminator can be developed.
Second, it would be desirable to determine the magnitude, frequency, and
wavelength range of rotational variability within each group of objects. This will enable
us to characterize any relationships between type of rotational variability and object
group, perhaps yielding a discriminator based on rotational variability. To achieve this,
it is not only necessary to increase sample size but also to obtain rotationally resolved
spectra of these objects.
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The third focus of future research is to compare visible and near-infrared spectra
with meteoritic samples. This may help constrain the composition of our target objects.
However, care must be taken with this approach since terrestrial weathering can
contaminate the meteoritic samples and change their spectra. The samples obtained
from 81P/Wild 2 during the Stardust mission should also be examined for comparison
purposes.
The fourth recommended area for future research is to compare Trojan asteroids
to both dormant and active comets far from the sun. This is a ripe area for research and
there are several subsets of questions to be explored. The driving question is: are the
majority of Trojan asteroids actually Kuiper belt objects that were thrown into cometary
orbits before being captured into the Trojan clouds (as suggested by Morbidelli et al.,
2005). If so, how has the collisional environment and space weathering for 4.5 billion
years affected their surface composition? In order to answer these questions it is
necessary to spectrally sample statistically significant numbers of Kuiper-Belt objects,
active and dormant comets, and Trojan asteroids. It is also necessary to sample both
large and small Trojans to fully compare these populations (ecliptic comets have smaller
sizes than Trojan asteroids). It is not obvious a priori which of the sizes would be most
characteristic of their evolutionary counterpart (e.g. larger Trojans could match dormant
comets better than the smaller Trojans).
All of these directions will serve the larger goals of solar system astronomy by
helping to determine the formation environment for comets and Trojan asteroids and will
constrain proposed dynamical arguments for the evolution of these objects. Additionally

64

these research areas will serve the Gestaltian purpose of relating the parts of our solar
system to each other thus allowing a more complete picture to emerge.
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APPENDIX A: FIGURES
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Figure 1: Tisserand Plot.
We present this figure as depicted in Weissman et al., (2002). This plot
represents the semimajor axis in AU versus the eccentricity of all known comets and
asteroids brighter than magnitude (H) 18. Comets are darker circles while the asteroids
are grey circles. The dashed lines represent a Tisserand equal to 3.0 and the dotted
line shows the boundary for Tisserand equal to 2.0.
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Figure 2: Near-infrared flux of a solar analog.
The near-infrared flux of a solar analog obtained during observations on October
23, 2004. This plot illustrates the portions of the near-infrared spectrum that may be
contaminated by telluric features (e.g. 1.35 and 1.9 microns)
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Figure 3: Near-infrared spectra of 944 Hidalgo.
The eight near-infrared spectra of 944 Hidalgo displaying variations in slope.
Note that unlike other reflectance spectra presented (which are normalized to 1.0 at 1.6
µm), these spectra are normalized to 1.0 at 1.25 µm in order to facilitate measuring the
range of slopes. The reflectance value at 2.2 µm of each slope is listed in Table 3.4.
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Figure 4: Reflectance of 944 Hidalgo as a function of airmass.
Reflectance (at 2.2 microns) as a function of airmass is plotted for the observing
nights October 22 and October 23. The two spectra where airmass changed the most
(1.315 to 1.473), the reflectance changed the least (1.24 to 1.23 µm).
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Figure 5: Reflectance of 944 Hidalgo at 2.2 µm plotted with rotational phase.

Figure 6: Unpublished lightcurve of 944 Hidalgo by C. Hergenrother
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Figure 7: Figures 5 and 6 superimposed.
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Figure 8: Near-infrared spectra of comet 162P/Siding Spring.
Our three near-infrared spectra of comet 162P/Siding Spring obtained on
December 3, 10, and 11, 2004. The spectra are normalized to 1.0 at 1.6 µm. The
differences between these spectra, although small, appear to be real and not due to
systematic effects.
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Figure 9: Model a (100% Carbon 1).
Our model from Table 14 along with our spectrum of comet 162P/Siding Spring
normalized to 1.0 at 1.6 µm.
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Figure 10: Model b (100% Carbon 2).
Our model from Table 14 along with our spectrum of comet 162P/Siding Spring,
normalized to 1.0 at 1.6 µm.
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Figure 11: Model c (62% Carbon 1 and 38% Carbon 2).
Our model from Table 14 along with our spectrum of comet 162P/Siding Spring,
normalized to 1.0 at 1.6 µm.
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Figure 12: Model d (45% Carbon 1, 40% Carbon 2, 15% and Pyroxene).
Our model from Table 14 along with our spectrum of comet 162P/Siding Spring,
normalized to 1.0 at 1.6 µm.
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Figure 13: Model e (32% Carbon 1, 65% Carbon 2, and 3% Triton Tholin).
Our model from Table 14 along with our spectrum of comet 162P/Siding Spring,
normalized to 1.0 at 1.6 µm.
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Figure 14: Model f (44% Carbon 1, 38% Carbon 2, 15% Pyroxene, 3 % Triton Tholin).
Our model from Table 14 along with our spectrum of comet 162P/Siding Spring,
normalized to 1.0 at 1.6 µm.
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Figure 15: Near-infrared spectral diversity among Trojan asteroids.
The reflectance spectra of seven of the nine Trojan asteroids observed by Emery
and Brown (2003).
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Figure 16: Near-infrared spectrum of 1373 Cincinnati combined with the SMASS visible
spectrum (Bus and Binzel, 2002).
The overlap between 0.8 and 0.9 µm in the visible and near-infrared spectra was
used to combine both into the same reflectance scale.
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Figure 17: The near-infrared reflectance spectrum of 1373 stacked with the spectra of
comets.
This plot includes 162P/Siding Spring, 19P/Borrelly, 124P/Mrkos, and LONEOS
OG108 (Soderblom et al. 2004, Licandro et al 2003, Abell et al. 2005). The spectrum of
124P/Mrkos was binned to a lower spectral resolution for clarity. The spectral slopes for
these objects are listed in Table 15.
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Figure 18: The near-infrared reflectance spectrum of 1373 Cinicinnati is stacked with
the comparison P- and D- type asteroids (Zellner et al. 1985 and Bell et al. 1988).
Note that 1373’s spectral feature shortward of 1.0 µm, is not seen in comparison
D asteroids; however, it cannot be ruled out of the comparison P-type asteroids.
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Figure 19: The reflectance spectrum of 1373 Cincinnati is stacked with that of 1437
Diomedes.
This is the closest match among the Trojan asteroids.
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Figure 20: Model of spectrum of 1373 Cincinnati.

The best near-infrared model fit achieved for 1373 Cincinnati. The inability to fit
this spectrum short of 1.0 µm with components with which Emery and Brown (2004)
successfully fit to Trojans suggests that this object’s composition differs from that of
sampled Trojan asteroids.
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Figure 21: Near-infrared and visible spectra of 2906 Caltech.
Our near-infrared reflectance spectrum of 2906 Caltech combined with the
SMASS visible spectrum (Bus and Binzel, 2002). The overlapping region between the
near-infrared and visible that was used to combine the spectra into the same
reflectance scale does not agree well from 0.8 to 0.9 µm.
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Figure 22: Spectrum of 2906 Caltech stacked with cometary spectra.
The near-infrared reflectance spectrum of 2906 Caltech stacked with the spectra
of comets 162P/Siding Spring, 19P/Borrelly, 124P/Mrkos, and LONEOS OG108
(Soderblom et al. 2004, Licandro et al 2003, Abell et al. 2005). The spectrum of
124P/Mrkos was binned to a lower spectral resolution for clarity. The spectral slopes for
these objects are listed in Table 15.
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Figure 23: Spectrum of 2906 Caltech stacked with asteroid spectra.
The near-infrared spectrum of 2906 Caltech is stacked with the comparison Pand D- type asteroids (Zellner et al. 1985 and Bell et al. 1988). 2906 Caltech’s spectral
feature between 1.35 and 2.2 µm is not seen in either of these comparison spectra.
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Figure 24: Spectrum of 2906 Caltech stacked with Trojan asteroid spectra.
The reflectance spectrum of 2906 Caltech is stacked with those of Odysseus,
Teucer, and Leonteus, the best matches among Trojan asteroids. 2906 Caltech’s
spectral feature between 1.35 and 2.2 µm is not seen in any of these comparison
spectra.

89

1.4

2906 Caltech Model
2906 Caltech

1.3

1.2

1.1

1

0.9

0.8

0.7

0.6
0.8

1

1.2

1.4

1.6

1.8

2

2.2

2.4

Figure 25: Model of spectrum of 2906 Caltech
The best near-infrared model fit achieved for 2906 Caltech. Clearly, our model
does not fit well short of 1.6 µm. We attempted to fit primarily the 1.35 to 2.2 µm region
because it seemed most diagnostic. The inability to fit this spectrum with components
with which Emery and Brown (2004) successfully fit to Trojan asteroids suggests that
the composition of 2906 Caltech differs from that of sampled Trojan asteroids.
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Figure 26: All ten near-infrared spectra of 944 Hidalgo.
The range of near-infrared reflectance spectra of 944 Hidalgo obtained on
October 22, 23, and November 19, 2004 combined with the two spectra taken by
collaborators. Note that unlike other reflectance spectra presented (which are
normalized to 1.0 at 1.6 µm, these spectra are normalized to 1.0 at 1.25 µm in order to
facilitate measuring the range of slopes). This is similar to figure but with additional
spectra from R. Binzel and J. Licandro.
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Figure 27: Spectrum of 944 Hidalgo stacked with cometary spectra.
One of our near-infrared reflectance spectra of 944 Hidalgo (November 19, 2004)
stacked with the spectra of comets 162P/Siding Spring, 19P/Borrelly, 124P/Mrkos, and
LONEOS OG108 (Soderblom et al. 2004, Licandro et al 2003, Abell et al. 2005). The
spectrum of 124P/Mrkos was binned to a lower spectral resolution for clarity. The
spectral slopes for these objects are listed in Table 15.
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Figure 28: 944 Hidalgo plotted with 162P/Siding Spring
One of the near-infrared reflectance spectra of 944 Hidalgo (November 19, 2004)
plotted with 162P/Siding Spring to illustrate their spectral similarity.
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Figure 29: Spectrum of 944 Hidalgo stacked with asteroid spectra.
The flattest near-infrared reflectance spectrum of 944 Hidalgo is stacked with the
comparison P- and D- type asteroids (Zellner et al., 1985; and Bell et al., 1988). In this
range, all of Hidalgo’s spectra are redder than that of both average P- and D-type
asteroids.
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Figure 30: Spectrum of 944 Hidalgo stacked with Trojans.
The near-infrared reflectance spectrum of 944 Hidalgo is stacked with the two
Trojan asteroids from Emery and Brown (2003) with most similar spectral shapes, 1143
Odysseus and 2797 Teucer.
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Figure 31: One of our near-infrared reflectance spectra of 944 Hidalgo (October 23
[09:21], 2004) is plotted with the model fit listed in Table 16.
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Figure 32: One of our near-infrared reflectance spectra of 944 Hidalgo (October 23
[11:35], 2004) is plotted with the model fit listed in Table 16
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Figure 33: One of our near-infrared reflectance spectra of 944 Hidalgo (November 19
[09:21], 2004) is plotted with the model fit listed in Table 16.
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Figure 34: One of our near-infrared reflectance spectra of 944 Hidalgo October 23
[13:27], 2004) is plotted with the best model fit we could achieve.
Note that this model does not fit short of 1.19 µm .
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Figure 35: Visible and near-infrared spectra of 162P/Siding Spring.
The visible reflectance spectrum of comet 162P/Siding Spring is plotted with the
average of all three near-infrared reflectance spectra. The overlap between 0.8 and 0.9
µm in the visible and near-infrared spectra was used to combine both into the same
reflectance scale. The reflectance beyond 2.0 µm is dominated by thermal emission
and not plotted here.
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Figure 36: Spectrum of 162P/Siding Spring stacked with cometary spectra.
The near-infrared reflectance spectrum of comet 162P plotted with the spectra of
comets 19P/Borrelly, 124P/Mrkos, and LONEOS OG108 (Soderblom et al. 2004,
Licandro et al 2003, Abell et al. 2005). The spectrum of 124P/Mrkos was binned to a
lower spectral resolution for clarity. The spectral slopes for these objects are listed in
Table 16.
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Figure 37: Spectrum of 162P/Siding Spring stacked with asteroid spectra.
The visible and near-infrared spectra of comet 162P/Siding Spring plotted with
the average spectra of three representative P-type asteroids and three representative
D-type asteroids. In the visible region the slope of the comet and that of D asteroids are
the same, but in the near-infrared the comet’s slope is significantly steeper than that of
the asteroids.
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Figure 38: Spectrum of 162P/Siding Spring stacked with Trojan asteroid spectra.
The near-infrared reflectance spectrum of comet 162P/Siding Spring is stacked
with the two Trojan asteroids from Emery and Brown (2003) with most similar spectral
shapes, 1143 Odysseus and 2797 Teucer.
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Figure 39: Visible spectrum of 28P/Neujmin 1.
The visible reflectance spectrum of 28P/Neumin 1 obtained on April 11, 2001
plotted from 0.5 to 0.9 µm and normalized to 1.0 at 0.55 µm.
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Figure 40: Near-infrared spectrum of 28P/Neujmin 1 from 2001.
Our near-infrared reflectance spectrum of 28P/Neujmin 1 obtained on June 2,
2001, binned for clarity.
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Figure 41: Near-infrared spectrum of 28P/Neujmin 1 from 2002.
Near-infrared reflectance spectrum obtained on April 26, 2002 and normalized to
1.0 at 1.6 µm. Note that this is a different scale than the previous figure (40).
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Figure 42: Spectrum of 28P/Neujmin 1 stacked with cometary spectra.
The near-infrared reflectance spectrum of 28P/Neujmin 1 stacked with the
spectra of comets 162P/Siding Spring, 19P/Borrelly, 124P/Mrkos, and LONEOS OG108
(Soderblom et al. 2004, Licandro et al 2003, Abell et al. 2005). The spectrum of 124P
was binned to a lower spectral resolution for clarity. The spectral slopes for these
objects are listed in Table 15.
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Figure 43: Spectrum of 28P/Neujmin 1 stacked with asteroid spectra.
The 2002 near-infrared spectrum of 28P/Neumin 1 is stacked with the
comparison P- and D- type asteroids (Zellner et al. 1985 and Bell et al. 1988). In this
wavelength range, this spectrum of 28P/Neujmin 1 is significantly redder than that of
both average P- and D-type asteroids.
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Figure 44: Spectrum of 28P/Neujmin 1 stacked with spectrum of Hektor.
The 2002 near-infrared reflectance spectrum of 28P/Neujmin 1 is plotted with
624 Hektor, the Trojan asteroid from Emery and Brown (2003) with the most similar
spectral shape.
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Figure 45: Model of spectrum of 28P/Neujmin 1.
The best model fit for the 2002 near-infrared spectrum of 28P/Neujmin 1 listed in
Table 16.
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Table 1: Summary of Cometary Nuclei
Comet

Spectra in S’

Albedo

V : 6 ± 3A

1

Effective
radius (km)

0.04 ± 0.01B

1P/Halley

5.2 ± 0.1B

Rotation
(hours)
53, 177C*

2P/Encke

V : 11 ± 2D
V - R : 6.5 ± 3.5E,
2.0 ± 4.5E

0.046 ± 0.023F

2.4 ± 0.3F

P = 11. 0 or
2P = 22.0G

9P/Tempel 13

-

0.05 ± 0.02H

2.19 ± 0.4H

41.0I

0.022 + 0.004 L,
- 0.006L

5.9 + 0.25L,
- 0.7L

~9.0 J

0.022 ± 0.003**N

2.5 ± 0.1N

26O

0.025 ± 0.008Q

10.0 ± 0.5Q

12.75 ±
0.03P

0.028 ± 0.005S

5.1 ± 0.25S

13.5S

-

2.75 ± 0.05T

-

0.05 ± 0.001V

2.0 ± 0.25V

6.1 ± 0.05W

-

-

-

-

-

3.471 ±
0.001 Y

0.03 a

6.0 ± 1.0 a

-

9.6 ± 1.0 x
7.4 ± 1.0
With 1.3
axial ratiob

57.2 ± 0.5 b

2

10P/Tempel 2

4

V : 20 ± 3J
V - R : 16 ± 3K
NIR : 7.7 M

19P/Borrelly

28P/Neujmin 15

49P/Arend-Rigaux
81P/Wild26
107P/Wilson-Harrington7
124P/Mrkos

V - R: 13.0 ± 4.0K,
K
8.5 ± 4.5
8.5 ± 4.5P
V : 10.1 ± 0.06R
V - R: 10 ± 1S
V:5±3

U

NIR : 2.4 ± 0.3 X

133P/Elst-Pizarro7

-

162P/Siding Spring5

NIR : 3.8 ± 0.2 Z

2001 OG108

NIR : 2.1 ± 0.2 b
V – R : 4.6 ± 2

b

b

0.040 ± 0.01

V = Visible spectrum from approximately 0.4 to 0.9 µm.
V-R = Conventional broadband V – R.
NIR = Near-infrared from approximately 0.8 to 2.3 µm (except for the spectrum of 19P/Borelly which is
measured from 1.3 to 2.6 µm.
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*1P/Halley’s nucleus is a complex rotator, three values have been associated with it: 53, 89, 177
** 19P/Borrelly has large-scale albedo features across its surface corresponding to a factor of three
difference in albedo (Oberst et al., 2004; Buratti et.al , 2004).
1. Visited by Vega 1 and 2 and Giotto spacecraft in 1986.
2. Shortest period comet (`~5 years)
3. Visited by Deep Impact on July 4, 2005.
4. Visited by Deep Space 1.
5. Target objects of this research
6. Target of the Stardust mission
7. Intermittent activity comets

References to Table 1
A.
B.
C.
D.
E.
F.
G.
H.
I.
J.
K.
L.
M.
N.
O.
P.
Q.
R.
S.
T.
U.
V.
W.
X.
Y.
Z.
a.
b.

Thomas and Keller (1989)
Keller et al. (1987)
Belton (1991)
Luu and Jewitt (1990)
Jewitt (2002)
Fernandez et al. (2000)
Fernandez et al. (2002) and Lowry et al. (2003)
Fernandez et al. (2004)
Fernandez et al. (2003)
Jewitt and Luu (1989)
Jewitt and Meech (1988)
A’Hearn et al. (1989)
Our slope calculation based upon near-infrared spectrum of Soderblum et.al (2004)
Boice et al. (2002)
Mueller and Samarasinha (2001)
Delahodde et al. (2001)
Campins et al. (1987)
Luu (1993)
Millis et al. (1988)
Brownlee et al., (2004)
Chamberlin et al. (1996)
Campins et al. (1995)
Osip et al. (1995)
Licandro et al. (2003)
Hsieh et al. (2004)
Target Object.
Fernandez et al. (2006)
Abell et al. (2005)
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Table 2: Target object dynamical properties

Object

a (AU)

e

i

T

1373 Cincinnati

3.42

0.316

39.0

2.72

2906 Caltech

3.16

0.114

30.69

2.97

944 Hidalgo

5.8

0.66

42.00

2.07

162P/Siding Spring

3.05

0.60

27.84

2.80

28P/Neujnin 1

6.91

0.78

14.19

2.16

Table 3: Target object physical properties
Object

Spectral
Type*

Albedo

Rotation
Period
(hours)
5.28

T

Predicted
Origin

---

Effective
Radius
(km)
---

1373 Cincinnati

XK

2.72

Asteroidal

2906 Caltech

XC

0.05

29

---

2.97

Asteroidal

944 Hidalgo

D

0.06

19

10.056

2.07

Cometary

162/PSiding
Spring

(would be)
D

0.03

6.0

32.8

2.80

Cometary

28/P Neujmin 1

(would be)
D

0.03

11

12.75

2.16

Cometary

114

Table 4: Observing Geometry for 1373 Cincinnati and 2906 Caltech
Object
1373
Cincinnati
2906
Caltech

Date

V Magnitude

R (AU)

∆ (AU)

Solar phase
angle (degrees)

1.19

15.8

2.4

1.7

21

1.01

15.0

2.9

2.3

17

Airmass

Oct 22
05:31
Oct 23
14:39

Table 5: Solar Analogs for 1373 Cincinati
Star
SA112-1333
SA93-101

Airmass
1.19
1.59

UT times
October22
05:04
06:59

Type

V Magnitude

F8
G5

9.90
9.71

Type

V Magnitude

G5
G2

9.71
7.74

Table 6: Solar Analogs for 2906 Caltech
Object
SA93-101
HD14082B

Airmass
1.36
1.46, 1.68

UT times
October 23
12:42
13:53, 14:24
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Table 7: Observing Geometry for 944 Hidalgo

Date 2004

V Magnitude

R (AU)

∆ (AU)

Solar phase angle
(degrees)

Oct. 22

13

2.15

1.20

10.2

Oct. 23

13

2.15

1.19

10.2

Nov. 19

13

2.05

1.20

18.7

Table 8: Solar Analogs for 944 Hidalgo
Star
SA 93-101

Airmass
1.063

UT
Oct 22, 2004 – 10:27

Type
G5

Magnitude
9.71

SA 93-101

1.132

Oct 22, 2004 – 11:32

G5

9.71

HD 14082B

1.066

Oct 23, 2004 – 11:51

G2

7.74

HD 14082B

1.146

Oct 23, 2004 – 12:33

G2

7.74

SA 93-101

1.363

Oct 23, 2004 – 12:42

G5

9.71

HD 14082B

1.458

Oct 23, 2004 – 13:53

G2

7.74

SAO 93936

1.061

Oct 23, 2004 – 14:01

G2

8.10

HD 14082B

1.679

Oct 23, 2004 – 14:24

G2

7.74

SA 93-101

1.085

Nov 19, 2004 – 09:09

G5

9.71
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Table 9: Observing Dates and Rotational Variation for 944 Hidalgo
UT Date 2004 /
Exposure Time
(seconds)

Airmass

Rotational Phase

Reflectance at 2.2
µm

Oct. 22 09:37 / 960

1.038

0.65

1.26

Oct. 22 10:59 / 720

1.051

0.79

1.31

Oct. 23 09:21 / 420

1.045

0.01

1.39

Oct. 23 11:35 / 420

1.102

0.24

1.36

Oct. 23 11:57 / 420

1.143

0.27

1.27

Oct. 23 12:55 / 420

1.315

0.37

1.24

Oct. 23 13:27 / 960

1.473

0.42

1.23

Nov. 19 09:21 /240

1.207

0.43

1.26
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Table 10: Observing Geometry for 162P/Siding Spring
UT Date 2004

R (AU)

∆ (AU)

Solar phase
angle (degrees)

Instrument/Telescope

Dec. 3
06:00

1.26

0.57

49

SpeX/IRTF

Dec.10
06:00

1.28

0.63

49

SpeX/IRTF

Dec.11
12:21

1.28

0.64

48

NICS/TNG

Dec.12
12:20

1.29

0.65

48

ALFOSC/NOT
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Table 11: Solar Analogs for 162P/Siding Spring
Star
SA 115-271
SA 93 -101
SA 112-1333
SA 98-978

UT Date
Dec 03:06
Dec 10:06
Dec 11:56
Dec 12:56

Type
F8
G5
F8
F8

V Magnitude
9.68
9.71
9.90
10.8

Table 12: Observing Geometry for 28P/Neujmin 1

Date

V Magnitude

R (AU)

∆ (AU)

Solar phase angle
(degrees)

April 11, 2001
00:11

19

5.7

4.7

9.8

June 02, 2001
00:11

19

5.4

4.8

9.1

April 26, 2002
03:54

16

3.0

2.2

10.6

Table 13: Solar Analogs for 28P/Neujmin1
Star
HD30246

Airmass
1.71

P117D

1.06

SA 102-1081

1.26

UT Date
April 2001
11: 02
June 2001
02:00
April 2002
26:04

Type
G5

V Magnitude
8.29

*

*

*

*

* These analogs were calibrated by comparing them to G Type star P330E.
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Table 14: Modeling Process using 162P/Siding Spring as an example

Albedo

Carbon 1
(%)

Carbon 2
(%)

Pyroxene
(%)

Olivine
(%)

Serpentine
(%)

Triton
Tholin
(%)

A

0.04

100

-

-

-

-

-

B

0.044

-

100

-

-

-

-

C

0.043

62

38

-

-

-

D

0.039

45

40

15

-

-

-

E

0.041

32

65

-

-

-

3

F

0.039

44

38

15

-

-

3

Model
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Table 15: Spectral slopes for targets and comparison comet nuclei, main belt asteroids,
and Trojan asteroids
Object
1373 Cincinnati
2906 Caltech

Albedo

Slope (S')

Features

n/a

2.5± 0.3

sharp slope change short of 1.1 µm

0.05

1.7± 0.3

broad and shallow absorption
feature between 1.5 and 2.2 µm

944 Hidalgo

0.06

2.7 to 4.2 ± 0.3

Featureless within the noise

162P/Siding Spring

0.03

3.6 ± 0.2

Featureless within the noise in NIR

28P/Neujmin 1

0.03

2.9± 3.2

Possible feature at 2.3 µm

5.3 ± 1.5
19P/Borrelly

0.01 –0.03

7.7

Featureless within the noise

2.4± 0.2

Featureless within the noise

0.03

2.1± 0.2

Featureless within the noise

P-Type

< 0.10

1.9± 0.2

Featureless within the noise

D-type

-

2.4± 0.2

Featureless within the noise

1143 Odysseus

0.075

3.0± 0.2

Featureless within the noise

624 Hektor

0.03

3.1± 0.6

Featureless within the noise

1473 Diomedes

0.03

1.8± 0.4

Featureless within the noise

3793 Leonteus

0.07

1.3± 0.5

Featureless within the noise

2797 Teucer

0.06

3.3± 0.2

Featureless within the noise

124P/Mrkos
Loneos OG108
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Table 16: Best Fit Models
Object

Carbon

Carbon

1

2

Albedo

Pyroxene

Olivine

Serpentine

Triton tholin

1373 Cincinnati

6

70

25

5

-

+/- 3

-

2906 Caltech

5

64

-

9

25

2

-

4.2

40

53

-

-

-

7

6.35

60

30

10

-

-

-

4.56

70

30

-

-

-

-

3.9

44

38

15

-

-

3

4.8

20

-

50

10

20

-

944 Hidalgo
Oct 23, 09:21
944 Hidalgo
Oct 23, 11:35
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